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Abstract
The purpose of this study was to investigate the 
possibility of reducing diesel engine torque variation by 
optimizing fuel injection nozzle tip configuration. In 
order to reduce engine torque variation, test runs were 
conducted to determine whether fuel injection nozzles 
affected diesel engine torque. There was a further effort 
to determine whether a correlation existed between the fuel 
injection nozzle roto flow and hydra flow, and the engine 
torque at specified engine speeds.
Engines installed in cotton pickers and tractors were 
used for this study. Engines, five from the cotton picker 
and five from the tractor group were chosen randomly from 
those which were produced by the same group of people under 
the same production conditions. These restrictions 
minimized variation associated with nozzles and pumps.
These engines were then put into the screen tests to make 
sure they were quality engines.
The experiments with the selected engines were 
conducted in the manufacturer's test cell and data were 
gathered at seven different engine speeds. Three levels 
(higher limit, medium, and lower limit) of nozzle roto flow 
and hydra flow were employed in the diesel engine injection 
system during the experiment. The investigation consisted 
of two limited-time production style tests. One test was
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
without restrictions and the other was with restrictions. 
Fifteen calibrations for the tractor engine group and 15 for 
the cotton picker engine group were recorded for the nozzle 
roto flow and hydra flow, and the corresponding engine 
torque.
Two-way ANOVA and correlation statistical procedure 
were used to analyze the data derived from the experimental 
sequences. These statistical procedures were used for the 
following purposes:
1. Investigate the effect of different levels of 
nozzle roto flow and hydra flow on engine torque.
2. Identify the difference between the effect of 
nozzle roto flow and hydra flow on engine torque and that of 
chance variables.
3. Determine the Pearson's correlation coefficient r 
between nozzle roto flow and hydra flow and engine torque at 
each engine speed.
4. Determine linear relation between nozzle roto flow 
and hydra flow and engine torque at each specified engine 
speed.
The statistical analyses indicated that different 
levels of fuel injection nozzle roto flow and hydra flow 
significantly affected diesel engine torque. The data also 
revealed that the effect of nozzle roto flow and .hydra flow 
on torque was independent of engine speed. The collected
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
test data from the nozzle roto flow and hydra flow study 
further confirmed that engine speed affected engine torque. 
There was a significant positive correlation which was 
greater than 0.94 at each tested engine speed between nozzle 
roto flow and hydra flow and diesel engine torque. Linear 
relations between nozzle roto flow and hydra flow and the 
engine torque at each specified engine speed were 
determined.
For cotton picker and tractor engines, a precise 
prediction of engine torque from a specific fuel injection 
nozzle roto flow or hydra flow can be calculated directly 
from the equations developed in this study. The findings 
could also help engine manufacturers more effectively choose 
the optimum fuel injection nozzle roto flow or hydra flow 
for the nominal torque required of the engine. This will 
better control engine torque variation.
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1CHAPTER I 
INTRODUCTION 
Background
The fuel injection system of a diesel engine requires 
the highest standard of design and manufacture because it is 
a very important part of a diesel engine. In order for an 
engine to deliver the required power within fuel consumption 
limits, the fuel injection system must supply the engine 
with fuel in exact quantities metered in proportion to the 
power required and timed with the utmost accuracy. The 
functioning of the fuel injection system affects the 
efficiency of combustion and engine performance (Lilly,
1984) .
According to the Bosch Technical Instruction (1990), a 
diesel fuel injection system has the following 
responsibilities:
1. Metering the required diesel fuel for each 
combustion stroke calculated from the power required.
2. Injection of the metered fuel in the least possible 
time at the correct angular position of the engine piston.
3. Control the injection of the metered quantity 
within a spray duration.
4. Injection of the metered quantity through an 
injection nozzle under appropriate pressure.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2The fuel injection nozzle, which is the critical link 
between the diesel engine fuel injection system and fuel 
combustion, plays an important role in spraying fuel into 
the combustion chamber. The injection nozzle considerably 
influences fuel preparation and therefore engine power 
output, fuel consumption, and toxic emissions (Bosch 
Technical Instruction. 1990). Therefore, the fuel injection 
nozzle directly affects engine performance.
Nozzle roto flow and hydra flow are two measurements of 
fuel injection nozzle flow characteristics. Nozzle roto 
flow describes the amount of air going through the multihole 
nozzle holes in a given amount of time under a given 
pressure during the injection test. Nozzle hydra flow 
describes the amount of test fluid going through the 
multihole nozzle holes in a given amount time under a given 
pressure during the injection test. The amount of both roto 
flow and hydra flow of a multihole nozzle is proportional to 
the size of the nozzle tip hole.
Although the effect of some of the nozzle 
configurations on engine performance have been studied (SAE 
Technical Papers since 1967), no research was located on the 
effect of multihole nozzle tip hole size on engine torque. 
This study was conducted to examine the relationship between 
diesel engine fuel injection nozzle roto flow and hydra flow 
and engine torque.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3Purpose of the Study 
The purpose of this study was to investigate the 
possibility of reducing engine torque variation by 
controlling fuel injection nozzle configuration. There was 
a further effort to determine if there was an effect of the 
fuel injection nozzle roto flow and hydra flow on diesel 
engine torque.
Statement of the Problem 
The problem was to determine the relationship between a 
diesel engine fuel injection nozzle roto flow and hydra flow 
and engine torque, and further to identify the Pearson 
correlation coefficient r between the level of nozzle roto 
flow and hydra flow and diesel engine torque at each engine 
speed.
Research Hypotheses 
The research and null hypotheses used in this study 
were as follows:
HOi: There are no significant differences between mean
values for torque among the different levels of nozzle roto 
flow.
Hll: There are significant differences between mean
values for torque among the different levels of nozzle roto 
flow.
H02: There are no significant differences between mean
values for torque among the different engine speeds.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4H12: There are significant differences between mean
values for torque among the different engine speeds.
H03: There is no significant interaction between
different levels of nozzle roto flow and engine speed.
H13: There is significant interaction between
different levels of nozzle roto flow and engine speed.
H04: There are no significant differences between mean
values for torque among the different levels of nozzle hydra 
flow.
H14: There are significant differences between mean
values for torque among the different levels of nozzle hydra 
flow.
H05: There are no significant differences between mean
values for torque among the different engine speeds.
H15: There are significant differences between mean
values for torque among the different engine speeds.
H06: There is no significant interaction between
different levels of nozzle hydra flow and engine speed.
H16: There is significant interaction between
different levels of nozzle hydra flow and engine speed.
H07: There is no relationship between level of nozzle
roto flow and engine rated torque.
H17: There is a relationship between level of nozzle
roto flow and engine rated torque.
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5H08: There is no relationship between level of nozzle
hydra flow and engine rated torque.
H18: There is a relationship between level of nozzle
hydra flow and engine rated torque.
Significance of the Study
Torque and speed are two major measurements of engine 
performance (Lilly, 1984). Targeting engine torque at the 
nominal value and reducing engine torque variation are two 
major ways to improve engine performance. Even if an engine 
performs within the torque tolerance, it is still possible 
that there will be too much torque variation. Inspecting 
and correcting a defective engine, which is out of torque 
tolerance, is expensive and time-consuming. In order to 
reduce engine torque variation, engine manufacturers have 
tried to optimize different aspects of nozzle 
configurations. They began to suspect injection nozzles, 
particularly nozzle roto flow and hydra flow, which 
represent the amount of air and test fluid passing through 
the nozzle spray holes during a nozzle test, may be a 
contributor to torque variation. If a relationship between 
nozzle roto flow and hydra flow and engine torque can be 
found, better control of engine torque variation may be 
possible.
By analyzing the relationships between nozzle flow 
features and engine torque, this study intended to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6provide a means for predicting engine torque from a given 
nozzle roto flow or hydra flow specification. This may help 
reduce variation in diesel engine torque. This study hoped 
to produce a model that would reduce the time needed to 
inspect and correct defective engines.
Limitations
This study was conducted under the following 
limitations or parameters:
1. The study was restricted to two types of diesel 
engines, one used on tractors (medium duty) and the other on 
cotton pickers (heavy duty). The availability of
engines was restricted to a manufacturing test site.
2. The engines were tested similarly as in a 
production test.
3. The fuel pumps were set as close to nominal fuel 
delivery as possible.
4. The nozzles used in this study were purchased from 
two selected nozzle manufacturers.
6. Engines, in which the nozzle roto flow and hydra 
flow values had been accurately determined, were tested in 
the test cell to record the corresponding torque value.
Fuel rate and fuel temperature were controlled to insure 
constancy during the test.
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7Assumptions
The following assumptions were made in pursuit of this 
study:
1. Data obtained from the manufacturing test site were 
valid and reliable.
2. The roto flow and the hydra flow values provided by 
the nozzle manufacturers were accurate.
3. The performance of the engines tested were 
representative of the performance of the respective 
production lot.
Definition of Terms
The following terms were defined to clarify their use 
in the context of this study:
Combustion Chamber: Small volume at the top of an
engine cylinder used to initiate combustion of a fuel 
mixture. The chamber is formed by the top of the cylinder, 
the cylinder wall, and the piston head when the piston 
reaches the top of its stroke. The combustion chamber and 
an air/fuel mixture create a source of power in an engine 
(Davis, 1987, p. 97).
Fuel Consumption: Amount of fuel consumed by an
automotive's engine during operation (Davis, 1987).
Fuel Filter: The fuel filter is a device that protects
the diesel fuel-injection system against dirt and water.
High filter quality and observation of the maintenance
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8intervals largely determine the service life of the fuel- 
injection system (Bosch Technical Instruction. 1990, p. 15).
Fuel Injection; The fuel delivery system used to force 
fuel into an engine's combustion chambers (Davis, 1987).
Fuel Injection Pump: The device which meters the fuel
and delivers it under pressure to the nozzle and holder 
assembly (Lilly, 1984).
Fuel Injection Tubing: Fuel-injection tubing 
transports the injected fuel from the fuel-injection pump to 
the injection nozzles (Bosch Technical Instruction. 1990, 
p. 15) .
Fuel Line: Steel and/or rubber piping used to
transport fuel from the fuel tank to a carburetor (Davis, 
1987, p. 181) .
Governors; mechanical device used to automatically 
control the speed of a rotating part (Davis, 1987, p. 196).
Hole Tvoe Nozzle; A closed nozzle provided with one or 
more orifices through which fuel issues. Nozzles with more 
than one orifice are known as multihole nozzles (SAE. 1989, 
pp. 3-24.78) .
Hvdra Flow: The amount of fluid passing through the
multihole nozzle spray holes in a given amount time under a 
given pressure during one injection cycle.
Injection Nozzles: The injection nozzles are
responsible for fuel preparation (fuel atomization) and the
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9injection of a fuel mixture into the main combustion chamber 
(direct injection) or auxiliary combustion chamber (indirect 
injection) (SAE. 1989, pp. 3-24.78).
Nozzle Body: The part of the nozzle which serves as a 
guide for the valve and in which the actual nozzle spray 
openings may be formed (SAE. 1989, pp. 3-24.78).
Nozzle Holder Assembly: The assembly of all parts of
the nozzle and holder assembly other than those comprised in 
the nozzle (SAE. 1989, pp. 3-24.78).
Nozzle Opening Pressure: The pressure needed to unseat
the nozzle valve (SAE. 1989, pp. 3-24.78).
Nozzle Tio: The extreme end of the nozzle body
containing the spray holes (may be a separate part) (SAE. 
1989, pp. 3-24.78) .
Pintle Nozzle: A closed nozzle provided with a spring-
loaded needle valve. The body of the nozzle has a single 
large orifice into which a projection from the lower end of 
the needle enters. This projection influences the rate and 
shape of the fuel spray (SAE. 1989, pp. 3-24.78).
Torque: A force characterized by exerting a turning or 
twisting effort. Torque producing motion is commonly 
associated with rotating shafts, such as an engine 
crankshaft (Davis, 1987, p. 389).
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10
Roto Flow: The amount of air going through the
multihole nozzle spray holes in a given time and under a 
given pressure during one injection cycle.
Sac Hole: The recess immediately within the nozzle tip
and acting as a feeder to the spray hole(s) of a hole type 
nozzle (SAE. 1989, pp. 3-24.78).
Supply Pump: The supply pump draws the fuel out of the
fuel tank and pumps it into the fuel-injection pump's 
suction gallery (Bosch Technical Instruction. 1990, p. 15) .
Timing Device: A device responsive to engine speed
and/or load to control the timed relationship between 
injection and engine cycle (Lilly, 1984).
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CHAPTER II 
REVIEW OF LITERATURE 
Background
The fuel-injection system of an automotive diesel 
engine consists of a high-pressure injection pump and a 
metering device. The fuel tank, fuel filter, supply pump, 
overflow valve, and the fuel lines are low-pressure parts of 
a fuel-injection system. The high-pressure parts of the 
fuel injection system deliver the fuel pressure required for 
fuel injection. The fuel is pumped to the injection nozzle 
through a delivery valve, fuel-injection tubing, and nozzle 
holder.
For direct injection, the fuel is injected directly 
into the combustion space through a special design of 
spraying nozzle and under sufficient pressure to carry the 
fuel particles well into the mass of compressed air. The 
injector, in this case, is fitted into the cylinder head, 
there being no ante-chamber but a plain cylinder head, which 
is usually, but not always, of a symmetrical shape. In some 
cases, the piston crown has been given a special dome, or 
dish-shape to assist the spraying action. The fuel is 
injected through a special nozzle of the conical, angular, 
or multiple hole type designed to give the best spraying 
action, atomization, and penetration into the whole air 
charge (Judge, 1967) .
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The last link in the injection system is the nozzle 
which, in the case of a direct injection system, has a 
number of drilled holes through which the fuel finally 
emerges. The holes may be varied in number, angle, 
diameter, and length. The best configuration for any 
particular chamber is normally decided by trial and error. 
Multi-hole nozzles can have a varying number of holes 
drilled in the bulbous end under the valve seating. Their 
actual number, size, and disposition is dependent upon the 
requirements of the particular engine (Green, 1940).
The length of the holes has not been found to be 
critical and the length/diameter ratio is normally from 2:1 
to 3:1. The holes are drilled on a shallow cone in order to 
distribute the fuel spray through the combustion space. In 
practice the variation between nozzles is not great. The 
number and diameter of the holes to choose is controlled by 
the quantity of the fuel passing which is expressed in terms 
of ccm/sec through the nozzle orifices and known as the 
"nozzle loading." Manufacturers are generally reluctant to 
drill holes less than .25 mm in diameter. This obliges one 
limitation; however, by varying the number of holes from two 
to nine and the diameter from .25 to .5 mm, a vast range of 
orifice area can be covered (Howarth, 1966).
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Different engines need different nozzles with specific 
operating parameters. Lilly (1984) summarized the major 
considerations in choosing nozzles:
1. Number, diameter, and position of the spray holes: 
These parameters should be used to make sure there is enough 
air fuel mixture during the operation. Roto flow and hydra 
flow, which are proportional to the diameter of spray holes, 
are two measures indicating the amount of air and test fluid 
passing through the spray holes under a certain pressure in 
a given amount of time.
2. Opening pressure: In general, opening pressures
change with the degree of turbocharging. This change 
increases maximum cylinder pressure.
3. Differential ratio: The differential ratio is the 
ratio of diameters of the valve guide and seat.
4. Valve needle and injector spindle mass.
5. Valve guide diameter: The larger the diameter of
the valve guide, the greater the effect the piston will have 
on the valve when it opens and shuts.
6. Needle lift: A given amount of needle lift is
needed to make sure there is adequate flow area through the
nozzle seat.
7. Fuel sac volume and diameter: For small sac
diameter, the needle lift must be increased to obtain the 
same seat flow area. For large sac diameter, the wall
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stresses is increased for the same hole length and injection 
pressure.
Fuel Injection Nozzle
The functions of the injection nozzle in a diesel 
engine are to introduce and distribute the fuel within the 
cylinder and to subdivide or 'atomize' it (Bergwerk, 1959). 
The injection nozzles are the link between the fuel 
injection pump and the engine. According to the Bosch 
Technical Instruction (1990), the major functions of 
injection nozzles are:
1. to contribute to fuel metering,
2. to prepare the fuel,
3. to define the rate-of-discharge curve and
4. to seal off the fuel-injection system from the 
combustion chamber, (p.26)
There are two types of diesel engines--one has a 
divided combustion chamber and the other has a non-divided 
combustion chamber. The latter is also called a direct 
injection engine. Throttling pintle nozzles with a coaxial 
jet and a nozzle needle are used in a divided combustion 
chamber engine. Multihole nozzles are used for non-divided 
combustion chambers. There are many different types of 
nozzle-and-holder assemblies for hole type nozzles. In 
contrast to throttling pintle nozzles, the position of 
multihole nozzles is critical. The multihole nozzles must 
be installed at the appropriate position to ensure the 
correct alignment of the holes.
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Multi-hole nozzles can have a varying number of holes, 
or orifices, in the bulbous end under the valve seating. 
Their actual number, size, and disposition depend upon the 
requirements of the engine concerned (Pounder, 1955). As 
the number of orifices increases, the smaller each orifice 
becomes and the more crucial it becomes to insure that the 
fuel be clean, or free of obstructive material. Spray 
orifices are from .25 mm up to about .5 mm in diameter, and 
their number may vary from three to as many as eighteen for 
large-bore engines (Kates & Luck, 1974). Multihole nozzles 
are the subject of this study.
The injection nozzle has two parts, the nozzle body and 
the nozzle needle. The nozzle needle moves freely within 
the guide bore of the nozzle body and seals against high 
injection pressure. The nozzle needle has a sealing cone at 
its bottom end. When the needle is closed, it is forced 
against the conical sealing surface of the nozzle body by 
the pressure spring. The two sealing cones have slightly 
different cone angles so that linear contact is maintained 
with high compression and a good sealing effect is produced. 
The diameter of the needle guide is greater than the seat 
diameter. The hydraulic pressure of the fuel-injection pump 
acts on the differential area between the needle cross- 
section and the area covered by the seat. If the product of 
the sealing area and pressure exceeds the force of the
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pressure spring in the holder, the injection nozzle opens. 
The area of the nozzle needle exposed to pressure is 
increased abruptly by the seat area when the nozzle opens, 
when the fuel injection pump's delivery rate is high enough, 
the injection nozzle "snaps" open very quickly. The 
injection nozzle closes again only when the pressure falls 
below the closing pressure (Bosch Technical Instruction. 
1990).
The operation of the nozzle is controlled by fuel 
pressure. Lilly (1984) indicated that the injection 
pressure must be high enough to inject fuel through the 
suitable nozzles to get the required atomization in the 
combustion chamber and to make sure there is enough air 
mixture for complete combustion during each combustion 
cycle. The opening pressure for the nozzle is adjustable 
and is determined by the tension of the pressure spring in 
the nozzle holder. During the fuel delivery stroke, the 
injection pressure must exceed the tension of the pressure 
spring in the nozzle holder and force the needle off its 
seat. This ensures that fuel injects into the combustion 
chamber. When injected, fuel flows through the delivery 
pipe, connector, and pressure passage of the nozzle holder. 
Then, the fuel flows through the groove, passage of the 
nozzle, and out of the injection hole, or holes of the
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nozzle into the combustion chamber (Automotive Encyclopedia. 
1989).
Goering (1987) indicated that maintenance of correct 
orifice size and opening pressure is especially important 
for multihole nozzles. The fuel spray from the nozzle must 
seek out and mix with the air in the combustion chamber, 
while avoiding excessive impingement on the chamber walls. 
Spray droplets that are too large will penetrate to the 
chamber wall, while droplets that are too small will not 
penetrate far enough into the air in the chamber.
Diesel Engine Power 
Indicated power and brake power are two terms used to 
describe diesel engine power. Indicated horsepower (ihp) 
can be measured with a gauge and is used to express the 
power produced inside the engine cylinders. The larger the 
amount of indicated power produced by burning a given amount 
of fuel, the more effectively the heat or thermal energy of 
the fuel has been converted into mechanical work (Kates & 
Luck, 1974).
Judge (1967) indicated that indicated horsepower can be
estimated from the following relation:
2
ihp = (pld Nn)/l,008,400, where 
ihp = indicated horse power
p = indicated mean effective pressure (lb/sq in.),
1 = piston stroke (in),
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d = cylinder diameter (in),
N = rev/min, and 
n = number of cylinders.
He also further derived the following relation: 
ihp = constant * p * V', where
p = indicated mean effective pressure (lb/sq in.),
V' = cylinder capacity in cu in. * rev/min, and V' is 
the piston swept volume per minute. It follows that the ihp 
is directly proportional to the quantity of air used per 
minute.
In practice, the actual power available at the engine's 
crankshaft, which is called brake power, is of most 
interest. Break power is the net power available from an 
engine, and is usually expressed as brake horse-power (bhp). 
The word brake comes from the fact that the power output of 
an engine can be measured by absorbing the power with a 
brake. The brake horsepower of an engine is always less 
than the indicated horsepower. The indicated horsepower is 
the power developed by the gases within the cylinders. But 
before this gas power appears at the engine crankshaft as 
actual output, it must pass through the moving parts of the 
engine. These parts, such as pistons and bearings, all 
consume a certain amount of power because of their friction. 
Friction is the loss of power which occurs when one surface 
rubs against another. The friction horsepower of an engine
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is the horsepower required to overcome the friction of its 
moving parts, including any auxiliary equipment driven 
directly by the engine. Therefore, the actual or brake 
horsepower of an engine is equal to its indicated horsepower 
less its friction horsepower (fhp). Kates and Luck (1974) 
summarized brake horsepower as a function of effective 
length of brake lever, engine speed, and net force.
The actual output of an engine, its brake horsepower, 
can be conceived of as being related to the number of 
cylinders, the diameter and stroke of pistons, the engine 
speed, and one other factor called the brake mean effective 
pressure, which is abbreviated as bmep. Brake mean 
effective pressure is a useful concept that helps to judge 
the safe power output of an engine. Suppose that instead of 
the gas pressure on the piston changing all the time, the 
gas pressure remained fixed at the average pressure. Then 
assume that this average gas pressure is reduced by an 
amount needed to overcome the friction losses. The result 
is what is called the brake mean effective pressure. Brake 
mean effective pressure cannot be measured directly, but it 
can be calculated easily from the brake horsepower equation, 
because the horsepower output of an engine, its speed, the 
diameter, and stroke of its pistons are all known values.
The crankshaft of an engine is turned by the pushes of 
the cranks to which the piston are attached. This turning
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or twisting force is called the engine torque. Torque is 
directly related to the power of an engine and can be 
expressed quite simply. If a force, F, acts on the crankpin 
at a right angle to the line joining the centers of the 
crankpin and the main journal, the torque, T, tending to 
turn the crankshaft is equal to F x R, where R is the 
distance between the centers of the crankpin and the main 
journal. The distance R is called the lever arm. As 
concluded by Kates and Luck (1974), engine torque is 
proportional to the brake horsepower divided by engine 
speed.
The comparative performances of engines are based upon 
their power outputs for given cylinder dimensions, mean 
torques, and fuel consumption per horsepower hour (Judge, 
1967). In engineering, efficiency means the ratio of the 
output to the input. Kates and Luck (1974) offered the 
following efficiencies that enter into diesel engine 
performance: (a) mechanical efficiency, (b) indicated 
thermal efficiency, (c) brake thermal efficiency, and (d) 
volumetric or charge efficiency.
Mechanical efficiency is the ratio of the brake 
horsepower to the indicated horsepower, expressed as a 
percentage. Indicated thermal efficiency is the ratio of 
the work done by the gases in the cylinder to the heat 
energy, or thermal energy, of the fuel supplied. Brake
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thermal efficiency differs from indicated thermal efficiency 
in the fact that, instead of considering the work done by 
gases in the cylinder, the actual power output of the engine 
is used; that is, its useful work in brake horsepower. The 
brake thermal efficiency tells how effectively an engine 
converts the heat energy in its fuel into actual (net) power 
at the shaft. Brake thermal efficiency accounts for all of 
the losses in the engine, the thermal losses when the heat 
energy of the fuel is converted into heat and pressure of 
gases within the cylinder, and the mechanical losses when 
the gaseous work (indicated power) is converted into useful 
output at the engine shaft. Brake thermal efficiency is 
therefore equal to the indicated thermal efficiency 
multiplied by mechanical efficiency. For this reason, it is 
sometimes called overall efficiency. Few diesel engines 
convert as much as half the heating value of their fuel into 
gaseous energy in the cylinder (indicated power). The 
remaining heat energy is picked up by the surrounding metal 
surfaces of the cylinder, cylinder head, and piston. After 
traveling through these engine parts, it either heats the 
water which is passing through the cooling jackets, or is 
radiated to the surrounding air. The rest of the heat 
remains in the gases after they have completed their 
expansion during the power stroke, then passes out of the 
engine in the exhaust gases (Judge, 1967).
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Volumetric efficiency of a four-cycle engine is the 
ratio of the actual volume of air taken into the engine 
cylinder during the intake, or suction stroke, to the volume 
of the piston's movement. Volumetric efficiency shows the 
amount of air actually taken in as compared with the maximum 
possible amount of air represented by the piston 
displacement (Judge, 1967).
Engine power capacity is directly related to volumetric 
efficiency. The lower the volumetric efficiency is, the 
less power an engine can develop. This is because with 
lower volumetric efficiency, there is less weight of air in 
the cylinder, which in turn means that less fuel can be 
burned and less power can be developed. Thus, the power 
capacity of an engine can be increased if its volumetric 
efficiency is improved by taking air from a point in the 
engine room where the air is cooler, or by improving the 
valve timing so as to increase the pressure at the end of 
the intake stroke (Judge, 1967).
Review of Pertinent Studies
The SAE Transactions International (from 1965-present) 
and the Dissertation Abstracts International (1861-present) 
were searched for pertinent related literature. The SAE 
Transactions International, which is produced yearly by the 
American Society for Automotive Engineers, provides 
comprehensive coverage of the world's technical literature
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on automobiles from 1965 to present. The Dissertation 
Abstracts International provides comprehensive coverage of 
the world's dissertations from 1861 to the present.
Fuel Injection Nozzles
Research on fuel injection nozzles is confined to four 
reported studies. Two of these dealt with the effect of 
multihole nozzle configurations on engine performance, such 
as smoke and nitric-oxide (NO) emissions. The other two 
studies were concerned with optimum multihole nozzle 
design.
Alkidas (1988) investigated the influence of the number 
and the size of fuel-injector orifices, their opening 
pressure on the performance, and emissions of an uncooled, 
thermally insulated diesel engine. Increasing the number of 
orifices was generally found to decrease the Brake Specific 
Fuel Consumption (BSFC) and smoke emissions but to increase 
the nitric-oxide (NO) emissions. Increasing the number of 
orifices resulted in a slight increase in premixed burning 
and a substantial decrease in the duration of combustion. 
Increasing the orifice size increased the BSFC and smoke 
emissions but decreased the NO emissions. The heat-release 
characteristic was not significantly altered. However, 
increasing the opening pressure of the injector increased 
the BSFC and smoke emissions and decreased the NO emissions 
of the uncooled engine.
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The effects of engine parameters, such as spray 
characteristics and combustion chamber geometry, on 
performance and exhaust emissions under high load operating 
conditions in a small direct injection diesel engine were 
investigated by Yoshikawa, Furusawa, Arai, and Hiroyasu 
(1989). The goal of their research was to find the optimum 
way for improving engine performance. The ratio of nozzle 
hole length to the diameter of the nozzle, compared with the 
effect of the diameter of piston cavity and intake swirl, is 
regarded to be a major factor for measured Brake Specific 
Fuel Consumption. It is more effective to optimize the 
configuration of the nozzle hole than to tune up the intake 
swirl and the combustion chamber geometry in order to reduce 
both exhaust smoke and NO emission level.
Okajima, Kato, Kano, Tojo, and Katagirl (1991) 
investigated the contribution of optimum nozzle design to 
injection rate control. The research found that controlling 
injection rate through the effect of nozzle seat throttling 
decreased real injection pressure and deteriorated the spray 
characteristics. Injection rate should not be controlled by 
seat throttling, but by throttling of hole area. Controlling 
the hole flow area was best achieved by changing the hole 
flow coefficient and the distance between needle and holes.
Date, Manabe, Kano, and Kato (1992) agreed with the 
results of Okajima et al. (1991). They studied further the
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contribution of fuel flow improvement in nozzle to spray 
formation on three types of nozzles: the STD nozzle, the VCO 
(Valve Covered Orifice) nozzle, and CONICAL nozzle. The STD 
nozzle is a common type of nozzle for the direct injection 
diesel engine. The STD nozzle has a sac chamber, which 
increases the parasitic volume. The VCO nozzle is designed 
to reduce the parasitic volume to nearly zero. The CONICAL 
nozzle is designed with a conical shaped needle tip and sac 
chamber which reduces the parasitic volume and improves fuel 
flow. They concluded that the STD nozzle showed a large 
pressure drop in the sac chamber inlet. The STD nozzle had 
a higher velocity, stronger penetration, thicker spray 
density, and larger Sauter Mean Diameter (SMD). The VCO 
nozzle had the stronger penetration and lower spray density 
than the STD. The CONICAL nozzle had a lower average speed, 
wider injection angle, and larger turbulent energy than the 
others. These flow characteristics of the CONICAL nozzle 
create a low density, wide spray, and fine Sauter Mean 
Diameter.
Selection of Nozzle Hole Size 
Judge (1967) indicated that the size of the nozzle hole 
and the pressure of injection must be selected on the basis 
of experimental evidence, so that the issuing fuel is able 
to penetrate all of the air lying within its path up to the 
opposite combustion wall. In this connection some valuable
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experimental data has been provided by Green (1940) which is 
summarized below.
Penetration is controlled primarily by the diameter of 
the orifice holes. Among the published research regarding 
spray penetration (SAE Transactions. 1965 to present), very 
few researchers have generated the data needed by engine 
builders. These studies have not been carried out under 
real world operating conditions. The kind of penetration 
that interests an engine builder is the distance that the 
spray travels, under the conditions within the combustion 
chamber, before the fuel has been consumed. In connection 
with the results reported by Green (1940), the useful or 
effective penetration is taken as the distance from the 
nozzle along the axis of the spray to the wall of the 
combustion chamber, with the piston at its top dead-center.
In order that fuel may be injected in a reasonable time 
and under a reasonable injection pressure, the total orifice 
area must bear some relation to the size of the cylinder. 
Green (1940) related the total orifice area to the volume 
swept by the piston in unit time, 'piston-swept volume' is 
calculated as (mean piston speed) x (piston area) and is 
expressed in liters per second. This constituted a measure 
of the rate at which air can be presented by the engine to 
the nozzle in the combustion chamber, and therefore it has
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been a measure of the rate at which fuel should be 
delivered.
Judge (1967) summarized the results of experimental 
work on a high speed compression ignition engine nozzle and 
deduced clearly that the penetration of the spray into the 
compressed charge of air depends upon the following factors, 
(a) length of the nozzle orifice, (b) diameter of the 
orifice outlet, (c) nature of the fuel, and (d) pressure of 
the fuel.
The penetration increases with increasing ratio of the 
length of orifice to its diameter. With regard to 
pulverizing or atomizing of the fuel, the best atomizing 
results appear to be obtained by decreasing the ratio of the 
orifice length to its diameter. It should be noted that the 
basic equation for calculating the fuel delivery per stroke 
of a fuel nozzle is:
Q = vatK , where
a = total cross-section of the nozzle holes in sq 
millimeters.
K = discharge coefficient; this varies from 0.7 to 
0 .8 .
Q = quantity of fuel, in cubic centimeters per 
stroke.
t = period of injection, in seconds 
v = velocity of fuel, in meters per second.
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If A is the period of injection measured as an angle in 
terms of the crankshaft angle, then there is the further 
relation,
t = A/6N sec
where N = engine speed, in revolutions per minute.
Also, the velocity v must be sufficient to give the 
necessary fuel penetration depth. This velocity depends 
upon the injection pressure p (expressed in atmospheres). 
Thus, v = 15*SQRT(p).
The injection pressure usually employed for multiple 
hole nozzles is 150 to 250 atmospheres, i.e. about 2200 to 
3700 lb/sq in.
The injection process provides the initiation of 
combustion and is a major factor governing the fuel and air 
mixing rates and hence strongly influenced the ignition 
delay, combustion period, and emissions. Farrar, Andrews, 
and Williams (1992) indicated that spray angle, droplet size 
distribution, break-up length, and spray tip penetration 
were all interrelated and also influenced by nozzle hole 
upstream flow. They discovered that "changes in the spray 
characteristics with reduction in the nozzle sac volume were 
a possible cause of the changes in fuel and air mixing" 
(Farrar et al., 1992, p. 239).
Diesel combustion is strongly controlled by .the 
character of the spray formed by the fuel injected into the
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combustion chamber. Sinnamon, Lancaster, and Steiner (1980) 
demonstrated that the mixing of liquid spray controls 
combustion heat release and thus the efficiency, emissions, 
maximum output, and noise of the diesel engine.
Diesel Engine Torcrue
Investigations of torque control concentrated on 
transmission control rather than fuel injection nozzle 
control. All torque related research dealt with torque 
meters and torque converters. No report was found which 
dealt with the relationship between fuel injection systems 
and engine torque.
Bashford, Bargen, and Esch (1987) indicated that the 
torque developed in the drive axle of an agricultural 
tractor was dependent on the drawbar pull requirement, 
surface conditions, tire radius, and dynamic wheel load. 
Goering (1987, p. 211) further summarized three factors that 
limit the performance of a tractor. They were:
1. The engine's capability to deliver sufficient 
torque to the rear axle to pull the load.
2. Traction capability of the tractor, and
3. Stability due to weight transfer from the front 
wheels. Required drawbar pull can be developed 
from available axle torque as long as sufficient 
dynamic wheel load and favorable tractive 
conditions exist.
Sugihara, Aoyagi, Endo, Otani, and Joko (1992) reported 
that under low engine speed condition when the intake air 
quantity was increased, the combustion period is shortened 
which resulted in an improvement in combustion. It was
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noted that when fuel injected into the combustion chamber 
has a higher air density, more air was entrained by the fuel 
spray which promotes mixing, resulting in an earlier 
completion of combustion. Under a condition of air excess 
ratio, r = 1.3 to 1.7, the quantity of intake air necessary 
for optimum diesel combustion was not enough and the 
combustion efficiency could be enhanced by increasing the 
intake air quantity. Under a medium engine speed, when the 
intake air quantity was increased over the air excess ratio 
by a factor of 2, the improvement of combustion was 
insignificant because the quantity of air was enough. Under 
a high engine speed condition, when the air quantity was 
increased over the air excess ratio by a factor of 2, the 
combustion period was not reduced. In this region, the 
quantity of intake air was already enough. Even if the 
intake air quantity was increased, the combustion efficiency 
cannot be further enhanced.
In their study, Kubota, Hayashi, Kajitani, and Sawa 
(1991) indicated that when the rack of a fuel injection pump 
was made to displace step by step, cooperative effects of 
the injection quantity and timing, the intake air flow rate, 
the ignition timing, and the pressure in the cylinder caused 
a response lag of the indicated torque. A phenomenon of 
abnormal increase in frictional-loss torque can be observed 
at the initial stage of acceleration stage. The more the
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quantity of generated heat per unit time, the more the 
intake air flow and the ignition timing.
Summary
According to the literature reviewed, there has been no 
systematic and detailed investigation into the precise 
relationships between fuel injection nozzle roto flow and 
hydra flow and engine torque. Although several studies 
indicated that air flow during the fuel injection process 
might be an influential variable, no one has concentrated on 
the influence of nozzle tip configuration (measured as roto 
flow or hydra flow) on the engine performance, particularly 
the engine torque variation.
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CHAPTER III 
METHODOLOGY 
Test Plan
The independent variables of this research were fuel 
injection nozzle roto flow and hydra flow. The dependent 
variable of this research was engine torque. Two similar 
groups of fuel injection nozzles were tested. The first 
group consisted of cotton picker engines equipped with 
nozzles purchased from manufacturer A. The second group 
consisted of tractor engines equipped with nozzles purchased 
from manufacturer B. Both of the nozzle manufacturers were 
nozzle suppliers in manufacturing quality fuel injection 
nozzles. The procedures used for this study were:
1. Identification of two types of diesel engines--one 
type was a tractor engine and the other was a cotton picker 
engine.
2. All engines used, five each from the tractor and 
the cotton picker group, were chosen randomly from those 
which were produced by the same group of people under the 
same production conditions. These restrictions minimized 
variation associated with nozzles and pumps.
3. The engines were tested in the Quality Audit test 
cell of the farm equipment manufacturer. The investigation 
consisted of two limited-time production style tests. One
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test was without restrictions and one test was with 
restrictions.
4. The five randomly chosen engines from the cotton 
picker group and the tractor group were numbered from 1 to
5. Each tested engine was equipped with fuel injection 
nozzles of high, medium, and low nozzle flow (both roto and 
hydra) condition. The corresponding torque was checked at 
seven different engine speeds (rpm).
5. Fifteen readings for tractor group and 15 for 
cotton picker group for the nozzle roto flow and hydra flow 
and the corresponding engine torque were recorded. The 
nozzle roto flow and hydra flow values were controlled and 
provided by nozzle manufacturers. The correspondent engine 
torque were checked by the engine manufacturer in the 
Quality Audit test cell under production condition.
Criteria for Selecting Engines
The following criteria were used to select the five 
sample engines for each group:
1. The sample engines must have been produced not more 
than 30 days before the time of the study.
2. The selected engines must pass the screen tests to 
make sure they were quality engines.
3. The sample engines were produced by the same group 
of people under the same production environment.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
34
Test Conditions
The test procedures and operating conditions for 
determining engine power adhered to the standards 
established by the American Automotive Engineers 
Association:
1. Record data for the five engines at seven evenly 
spaced operating speeds to define the power curve between 
the lowest stable speed and the maximum engine speed 
recommended by the manufacturer. One of the operating 
speeds must be noted as the rated speed.
2. The Net Brake Power test required a fully equipped 
engine. A fully equipped engine is an engine equipped with 
accessories necessary to perform its intended service. The 
following systems were in operation: air preheat, inlet 
system or the system providing equivalent restriction at all 
speeds and loads, air cleaner, fan or blower, exhaust system 
or the system providing equivalent restrictions at all 
speeds and loads, governor, generator, and heat valve 
settings open. The following systems were controlled 
according to the manufacturer's specification: timing, spark 
advance, fuel pump setting, carburetor or fuel metering 
control setting, boost pressure control, emission, noise,
RFI control equipment, and spark plugs.
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3. Instrumentation Accuracy:
Torque: + 0.5% of measured value.
Speed: ± .2% of rated speed.
Temperatures: ± 2°K.
Inlet Air Pressures: ± 0.lkPa.
Other Gas Pressures: ± 0.5kPa.
Fuel Flow: + 1% of measured value.
4. The fuel and lubricating oil used conformed to the 
manufacturer's recommendation.
5. Adjustments to the tested engine were made before 
data were collected in accordance with the manufacturer's 
standard procedures. No changes or adjustments were made 
during the test. The engines were run-in according to the 
manufacturer's recommendation.
6. No data were recorded until torque and speed had 
been maintained within 1% variation and temperatures had 
been maintained within 2°K for at least 1 min. Engine 
speeds were not to deviate from the nominal speed by more 
than + 1%. Coolant outlet temperature was controlled within 
+ 3°K of the nominal thermostat value specified by the
manufacturer. Fuel temperature for diesel fuel injection
o owas controlled + 2 K of 40 K.
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Treatment of the Data
In order to determine the relationship between the fuel 
injection nozzle roto flow and hydra flow and engine torque, 
the following statistical analyses were used:
1. A two-way analysis of variance (ANOVA) for 
Hypotheses 1, 2, and 3 was conducted to determine whether 
there were any significant differences between mean values 
for torque among the different levels of both nozzle roto 
flow and engine speed. Any possible interactions between 
engine speed and nozzle roto flow were also examined.
2. A two-way analysis of variance (ANOVA) for 
Hypotheses 4, 5, and 6 was conducted to determine whether 
there were any significant differences between mean values 
for torque among the different levels of both nozzle hydra 
flow and engine speed. Any possible interactions between 
engine speed and nozzle hydra flow were also examined.
3. A correlation, using the Pearson r , for Hypotheses 
7 and 8 was executed to determine the relationship between 
nozzle roto flow and hydra flow and engine torque at each
tested engine speed. Regression statistics was used to
determine the best linear regression equation relating 
nozzle roto flow and hydra flow and engine torque at each
tested engine speed for both cotton picker and tractor
engines.
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Two-Wav ANOVA
Two-way ANOVA was used in this study to determine the 
effect of fuel injection nozzle roto flow and hydra flow on 
the diesel engine torque.
Research Hypotheses
Hypotheses 1 to 3:
HOI: There are no significant differences between mean 
values for torque among the different levels of nozzle roto 
flow.
Hll: There are significant differences between mean 
values for torque among the different levels of nozzle roto 
flow.
H02: There are no significant differences between mean 
values for torque among the different engine speeds.
H12: There are significant differences between mean 
values for torque among the different engine speeds.
H03: There is no significant interaction between 
different levels of nozzle roto flow and engine speed.
H13: There is significant interaction between different 
levels of nozzle roto flow and engine speed.
Hypotheses 4 to 6:
H04: There are no significant differences between mean 
values for torque among the different levels of nozzle hydra 
flow.
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H14: There are significant differences between mean 
values for torque among the different levels of nozzle hydra 
flow.
H05: There are no significant differences between mean 
values for torque among the different engine speeds.
H15: There are significant differences between mean 
values for torque among the different engine speeds.
H06: There is no significant interaction between 
different levels of nozzle hydra flow and engine speed.
H16: There is significant interaction between different 
levels of nozzle hydra flow and engine speed.
Data Needed
The data used to test each of the above hypotheses 
consisted of 15 x 7 pairs of data on torque which were 
recorded under 15 roto flow and hydra flow values (five at 
higher tolerance limit level, five at medium value level, 
and five at lower tolerance limit level) at seven different 
engine speeds (rpms).
Data Collection
Five tractor engines and five cotton picker engines 
were tested one by one under three levels of nozzle roto 
flow and hydra flow (high, medium, and low) at seven 
different engine speeds (in rpms). The tests were conducted 
by an experienced test technician.
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Data Analysis
A statistical computer program in Microsoft EXCEL 4.0 
at the John Deere Engine Works, was used to calculate the 
mean squares of column, row, interaction, and within. The F 
ratios for engine speed, nozzle roto flow and hydra flow 
level, and their interaction were calculated to determine 
whether there were any significant differences between mean 
values for torque among the different levels of both nozzle 
flow (roto and hydra) and engine speed. Any possible 
interactions between engine speed and nozzle flow (roto and 
hydra) were also examined.
Data Interpretation
The F ratios for each dimension and its confidence 
level was used to interpret the nature and significance of 
the relationship between nozzle roto flow and hydra flow and 
engine torque. Because the relationship between the 
dependent variable and the independent variable cannot be 
decided in advance, a two-tailed test at p < .05 was used.
Correlation Analysis of Two Variables 
Correlation analysis of two variables was used in this 
study to find out the Pearson r between fuel injection 
nozzle roto flow and hydra flow and engine rated torque. 
These analyses were conducted for each engine speed.
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Research Hypotheses
Hypothesis 7:
H07: There is no relationship between the level of 
nozzle roto flow and engine rated torque.
HI7: There is a relationship between the level of 
nozzle roto flow and engine rated torque.
Hypothesis 8:
H08: There is no relationship between the level of 
nozzle hydra flow and engine rated torque.
H18: There is a relationship between the level of 
nozzle hydra flow and engine rated torque.
Data Needed
The data used to test the above hypotheses consisted of 
15 pairs of data for each nozzle roto flow and hydra flow, 
and its corresponding engine torque.
Data Collection
The roto flow and hydra flow values of each nozzle was 
tested at the nozzle manufacturers' plants and each 
manufacturer must provide a quality guarantee. The 
corresponding torque values were tested in the engine 
manufacturer's test cell under the production conditions. 
Data Analysis
Each nozzle roto flow and hydra flow and its 
corresponding engine torque were plotted on a scattergram. 
The correlation between the independent variable (nozzle
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roto flow and hydra flow) and the dependent variable (engine 
torque) was expressed as Pearson's correlation coefficient.
A statistical computer program was used to plot the 
scattergrams, calculate the correlation coefficients r, and 
the regression statistics. If a significant correlation was 
found, the regression equation, Y = Constant + B X, was then 
calculated using a least squares method.
Data Interpretation
Because the relationship between the dependent variable 
and independent variable cannot be decided in advance, a 
two-tailed test at p < .05 was used. If the value of r 
reflected a significant linear relationship between the two 
variables, the use of the regression line for predicting the 
engine torque from fuel injection nozzle roto flow or hydra 
flow would be calculated using a least squares method.
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CHAPTER IV 
ANALYSES OF THE DATA 
This study investigated the relationships between 
nozzle roto flow and hydra flow, and diesel engine torque 
with the use of two-way ANOVA, Pearson r correlation 
coefficient, and regression statistics. A statistical 
computer program in Microsoft EXCEL 4.0 was used to 
calculate the F ratio, the correlation coefficient r, 
significance level, and linear regression equation at each 
tested engine speed.
For two-way ANOVA, the significant relationships were 
reported as an F ratio for the level of nozzle roto flow and 
hydra flow, the engine speed, the interaction between speed 
and flow level (roto and hydra), and a significance level. 
For correlation analyses, the significant relationships were 
reported as a correlation coefficient r. Regression 
statistics and scattergrams were developed for all tested 
engine speeds for both cotton picker engine and tractor 
engine groups.
Results of Findings for Roto Flow Study 
Hypotheses 1 to 3 
HOI: There are no significant differences between mean 
values for torque among the different levels of nozzle roto 
flow.
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Hll: There are significant differences between mean 
values for torque among the different levels of nozzle roto 
flow.
H02: There are no significant differences between mean 
values for torque among the different engine speeds.
H12: There are significant differences between mean 
values for torque among the different engine speeds.
H03: There is no significant interaction between 
different levels of nozzle roto flow and engine speed.
H13: There is significant interaction between different 
levels of nozzle roto flow and engine speed.
Findings
Both hypothesis 1 and hypothesis 2 were rejected while 
the alternative hypotheses were accepted. Hypothesis 3 was 
accepted while the alternative hypothesis was rejected.
With an alpha level of .05, the effect of nozzle roto flow 
level on torque was statistically significant. For the 
cotton picker engine group, F(2, 84) = 320.70, e < -05. For 
the tractor engine group, F(2, 84) = 228.48, e < .05. With 
an alpha level of .05, the effect of engine speed on torque 
was statistically significant. For the cotton picker engine 
group, F(6, 84) = 5269.85, e < *05. For the tractor engine 
group, F(6, 84) = 10180.93, e < -05. With an alpha level of 
.05, the interaction between speed and nozzle roto flow 
level was not statistically significant. For the
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cotton picker engine group, F(12, 84) = 0.83, p > .05 For 
the tractor engine group, F(12, 84) = 1.84, p > .05. The 
summaries of mean values of each level of nozzle roto flow 
for the cotton picker and the tractor engine groups are 
shown in Tables 1 and 2. The statistical summaries for the 
cotton picker and the tractor engine groups are shown in 
Tables 3 and 4.
Table 1
Mean Values of Torcrue for Cotton Picker Engines under Three 
Levels of Nozzle Roto Flow and Seven Engine Speeds
Roto
Flow
Mean Torque Under Engine Speeds (Nm)
2200
rpm
2000
rpm
1800
rpm
1600
rpm
1400
rpm
1200
rpm
1000
rpm
Mean
High 825 921 1015 1064 1101 1045 750 960
Medium 801 896 983 1041 1067 1023 722 933
Low 786 879 969 1026 1055 1009 702 918
Mean 804 899 989 1044 1075 1025 724
Note. 1. Roto Flow level affected engine torque.
F(2, 84) = 320.70, p < .05
2. Engine speed affected engine torque.
F(6, 84) = 5269.85, p < .05
3. There was no interaction between roto flow and 
speed. F(12, 84) = 0.83, p > .05
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Table 2
Mean Values of Torque for Tractor Engines under Three Levels 
of Nozzle Roto Flow and Seven Engine Speeds
Roto
Flow
Mean Torque Under Engine Speeds (Nm)
2100
rpm
2000
rpm
1800
rpm
1600
rpm
1400
rpm
1200
rpm
1000
rpm
Mean
High 612 653 736 779 791 781 746 728
Medium 605 647 728 773 783 775 739 721
Low 594 637 720 767 778 769 735 715
Mean 603 646 728 773 784 775 740
Note. 1. Roto Flow level affected engine torque.
F (2, 84) = 228.48, £ < .05
2. Engine speed affected engine torque.
F(6, 84) = 10181.93, £ < .05
3. There was no interaction between roto flow and 
speed. F(12, 84) = 1.84, £ > .05
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Table 3
Statistical Summary of ANOVA for the Toroue and Roto
Flow of Cotton Picker Engines (95% Confidence)
Source of Variance SS df MS
Roto Flow 32014.88 2 16007.44
Engine Speed 1578244.00 6 263040.60
Interaction 500.72 12 41.73
Within 4192.80 84 49.91
Total 1614952.00 104
Source of Variance F P-value F crit
Roto Flow 320.70 4.74E-40 3 .11
Engine Speed 5269.85 5.60E-106 2.21
Interaction
Within
Total
0.83 0.61 1. 87
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1 dJJ-Lfci
Statistical Sumraarv of ANOVA for the Torcrue and Roto
Flow of Tractor Encrines (95% confidence)
Source of Variance SS df MS
Roto Flow 3305.39 2 1652.70
Engine Speed 441852.20 6 73642.04
Interaction 159.54 12 13.30
Within 607.60 84 7.23
Total 445924.80 104
Source of Variance F P-value F crit
Roto Flow 228.48 1.06E-34 3.11
Engine Speed 10180.93 5.80E-118 2.21
Interaction 1.84 0.055 1.87
Within
Total
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Hypothesis 7
H07: There is no relationship between level of nozzle 
roto flow and engine rated torque.
H17: There is a relationship between level of nozzle 
roto flow and engine rated torque.
Findings
The 15 pairs of nozzle roto flow and the corresponding 
engine rated torque were analyzed for possible correlation. 
A significant positive correlation coefficient was found 
between nozzle roto flow and engine torque for both cotton 
picker engine and tractor engine groups at each tested 
engine speed. The summary of Pearson r between nozzle roto 
flow and engine torque for both cotton picker engine and 
tractor engine group is presented in Table 5. The 
regression lines for predicting engine torque from available 
fuel injection nozzle roto flow at each engine speed for the 
cotton picker engine group and the tractor engine group are 
presented in Tables 6 and 7. The regression statistics are 
presented in Table 8 to Table 14 for the cotton picker 
engine group and Table 15 to Table 21 for the tractor engine 
group, with one table illustrating each engine speed. The 
scattergrams are presented in Figure 1 to Figure 7 for the 
cotton picker engine group and Figure 8 to Figure 14 for the 
tractor engine group.
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Table 5
Both Cotton Picker :Enaine and Tractor Enaine Group at Each
Tested Enaine Speed
Pearson Correlation Coefficient r
Engine Speed Cotton Picker Engines Tractor Engines*
2200 (2100*) rpm 0.964 0.963
2 000 rpm 0.954 0 . 948
1800 rpm 0.963 0.982
1600 rpm 0 .950 0.981
1400 rpm 0 .951 0 . 979
1200 rpm 0.940 0.960
1000 rpm 0.940 0.974
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Table 6
Linear Regression Equations between Nozzle Roto Flow and 
Torcrue for Cotton Picker Engines at Seven Enaine Speeds
Speed (rpms) Linear Regression Equations
2200 T (Nm) = 415.57 + 0.12 * RF (ccm/min) ± 4.87
2000 T (Nm) = 479.22 + 0.13 * RF (ccm/min) ± 5 . 97
1800 T (Nm) = 539.73 + 0.14 * RF (ccm/min) ± 5.75
1600 T (Nm) = 663.50 + 0.12 * RF (ccm/min) ± 5.70
1400 T (Nm) = 616.87 + 0.14 * RF (ccm/min) ± 6 . 80
1200 T (Nm) = 670.09 + 0.11 * RF (ccm/min) ± 5.87
1000 T (Nm) = 249.27 + 0.15 •k RF (ccm/min) ± 7. 84
Table 7
Linear Regression Equations between Nozzle Roto Flow and 
Torque for Tractor Engines at Seven Engine Speeds
Speed Linear Regression Equations
2100 T (Nm) = 212.99 + 0.12 * RF (ccm/min) .+ 2 .25
2000 T (Nm) = 291.64 + 0.11 * RF (ccm/min) + 2.43
1800 T (Nm) = 367.65 + 0.11 * RF (ccm/min) ± 1.43
1600 T (Nm) = 506.40 + 0.08 * RF (ccm/min) ± 1.09
1400 T (Nm) = 498.51 + 0.09 * RF (ccm/min) ± 1.22
1200 T (Nm) = 506.33 + 0.08 * RF (ccm/min) ± 1.62
1000 T (Nm) = 482.39 + 0.08 * RF (ccm/min) ± 1.22
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Table 8IdU C o
Recrression Statistics for Torcrue and Roto Flow of Cotton
Picker Encrines at 2200 RPM (95% Confidence)
Regression Statistics
Multiple r 
r Square
Adjusted r Square 
Standard Error 
Observations
0.964 
0.930 
0.924 
4 .872 
15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 4073
13 308
14 4382
.48
.55
.03
4073.48 
23 .73
£ Significance F
Regression
Residual
Total
171.63 7.24E-09
Coefficients Standard Error t Statistic
Intercept 
Roto Flow
415.57
0.12
29.69
0.01
14.00
13.10
P-value Lower 95% Upper 95%
Intercept 
Roto Flow
1.27E-09 
3.01E-09
351.43
0.10
479.71
0.14
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Table 9
Regression Statistics for Torcrue and Roto Flow of Cotton
Picker Engines at 2000 RPM (95% Confidence)
Regression Statistics
Multiple r 
r Square
Adjusted r Square 
Standard Error 
Observations
0.954
0.911
0.904
5.974
15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 4750
13 463
14 5214
.50
.98
.48
4750.50
35.69
F Significance F
Regression
Residual
Total
133.10 3.34E-08
Coefficients Standard Error t Statistic
Intercept 
Roto Flow
479.22
0.13
36.41
0.01
13 .16 
11.54
P-value Lower 95% Upper 95%
Intercept 
Roto Flow
2.83E-09
1.55E-08
400.57
0.11
557.87
0.16
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
53
Table 10
Regression Statistics for Torcrue and Roto Flow of Cotton
Picker Engines at 1800 RPM (95% Confidence)
Regression Statistics
Multiple r 0.963
r Square 0.927
Adjusted r Square 0.921
Standard Error 5.751
Observations 15
Analysis of Variance
df SS MS
Regression 1 5449 .01 5449.01
Residual 13 430 .04 33. 08
Total 14 5879 .04
F Significance F
Regression 164.72 9.29E-09
Residual
Total
Coefficients Standard Error t Statistic
Intercept 539.73 35.05 15 .40
Roto Flow 0.14 0.01 12 .83
P-value Lower 95% Upper 95%
Intercept 3.59E-10 464.01 615.45
Roto Flow 3.93E-09 0.12 0.16
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Table 11
Regression Statistics for Torcrue and Roto Flow of Cotton
Picker Engines at 1600 RPM (95% Confidence)
Regression Statistics
Multiple r 
r Square
Adjusted r Square 
Standard Error 
Observations
0.950
0.902
0.895
5.697
15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 3906
13 422.
14 4328,
.53
.01
.54
3906.53 
32.46
F Significance F
Regression
Residual
Total
120.34 6.08E-08
Coefficients Standard Error t Statistic
Intercept 
Roto Flow
663.50
0.12
34.72
0.01
19.11
10.97
P-value Lower 95% Upper 95%
Intercept 
Roto Flow
1.99E-11
2.93E-08
588.49
0.10
738.51
0.14
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Table 12
Regression Statistics for Torcrue and Roto Flow of Cotton
Picker Engines at 14 00 RPM (95% Confidence)
Regression Statistics
Multiple r 
r Square
Adjusted r Square 
Standard Error 
Observations
0.951
0.904
0.897
6.796
15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 5653
13 600
14 6253
.07
.36
.43
5653.07 
46 .18
F Significance F
Regression
Residual
Total
122.41 5.50E-08
Coefficients Standard Error t. Statistic
Intercept 
Roto Flow
616.87 
0 .14
41.41
0.01
14 .89 
11.06
P-value Lower 95% Upper 95%
Intercept 
Roto Flow
5.58E-10
2.63E-08
527.40
0.12
706.33
0.17
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Table 13
Regression Statistics for Torque and Roto Flow of Cotton
Picker Engines at 1200 RPM (95% Confidence)
Regression Statistics
Multiple r 
r Square
Adjusted r Square 
Standard Error 
Observations
0.940
0.884
0.875
5.873
15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 3403,
13 448,
14 3851,
.50
.39
.88
3403.50 
34 .49
F Significance F
Regression
Residual
Total
98.68 1.94E-07
Coefficients Standard Error t Statistic
Intercept 
Roto Flow
670.08
0.11
35.79
0.01
18 .72 
9.93
P-value Lower 95% Upper 95%
Intercept 
Roto Flow
2.62E-11
1.01E-07
592.77
0.09
747.40
0.14
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Table 14
Regression Statistics for Torque and Roto Flow of Cotton
Picker Engines at 1000 RPM (95% Confidence)
Regression Statistics
Multiple r 
r Square
Adjusted r Square 
Standard Error 
Observations
0.940
0.884
0.875
7.845
15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 6098
13 800,
14 6898,
.20
.08
.28
6098.20
61.54
F Significance F
Regression
Residual
Total
99.09 1.90E-07
Coefficients Standard Error t Statistic
Intercept 
Roto Flow
249.27
0.15
47.81
0.01
5.21
9.95
P-value Lower 95% Upper 95%
Intercept 
Roto Flow
0.00
9.89E-08
145.99
0.12
352.55
0.18
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 15
Regression Statistics for Torcrue and Roto Flow of
Tractor Engines at 2100 RPM (95% Confidence)
Regression Statistics
Multiple r 0.963 
r Square 0.927 
Adjusted r Square 0.921 
Standard Error 2.250 
Observations 15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 831.78
13 65.82
14 897.60
831.78
5.06
F Significance F
Regression
Residual
Total
164.29 9 .44E-09
Coefficients Standard Error t Statistic
Intercept 
Roto Flow
212.99 30.46 
0.12 0.01
6.99
12.82
P-value Lower 95% Upper 95%
Intercept 
Roto Flow
6.33E-06 147.17 
3.99E-09 0.10
278.80
0.14
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Table 16
Regression Statistics for Torque and Roto Flow of
Tractor Engines at 2000 RPM (95% Confidence)
Regression Statistics
Multiple r 0.948 
r Square 0.899 
Adjusted r Square 0.891 
Standard Error 2.430 
Observations 15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 685.24
13 76.76
14 762.00
685.24 
5.90
F Significance F
Regression
Residual
Total
116.05 7.53E-08
Coefficients Standard Error t Statistic
Intercept 
Roto Flow
291.64 32.90 
0.11 0.01
8.86
10.77
P-value Lower 95% Upper 95%
Intercept 
Roto Flow
4.06E-07 220.57 
3.69E-08 0.08
362.72
0.13
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Table 17
Regression Statistics for Torcrue and Roto Flow of
Tractor Engines at 1800 RPM (95% Confidence)
Regression Statistics
Multiple r 0.982 
r Square 0.964 
Adjusted r Square 0.961 
Standard Error 1.430 
Observations 15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 709.14
13 26.60
14 735.73
709.14 
2. 04
F Significance F
Regression
Residual
Total
346.63 9.35E-11
Coefficients Standard Error t Statistic
Intercept 
Roto Flow
367.65 19.36 
0.11 0.01
18.98
18.62
P-value Lower 95% Upper 95%
Intercept 
Roto Flow
2.17E-11 325.82 
2.83E-11 0.09
409.49
0.12
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Table 18
Regression Statistics for Torcrue and Roto Flow of
Tractor Engines at 1600 RPM (95% Confidence)
Regression Statistics
Multiple r 0.981 
r Square 0.962 
Adjusted r Square 0.959 
Standard Error 1.091 
Observations 15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 388.24
13 15.49
14 403.73
388.24
1.19
F Significance F
Regression
Residual
Total
325.83 1.38E-10
Coefficients Standard Error t Statistic
Intercept 
Roto Flow
506.40 14.78 
0.08 0.00
34 .26 
18.05
P-value Lower 95% Upper 95%
Intercept 
Roto Flow
6.64E-15 474.48 
4.30E-11 0.07
538.33
0.09
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Table 19
Regression Statistics for Torcrue and Roto Flow of
Tractor Engines at 1400 RPM (95% Confidence)
Regression Statistics
Multiple r 0.979
r Square 0.958
Adjusted r Square 0.955
Standard Error 1.221
Observations 15
Analysis of Variance
df SS MS
Regression 1 444.36 444.36
Residual 13 19.38 1.49
Total 14 463.73
F Significance F
Regression
Residual
Total
298.12 2.40E-10
Coefficients Standard Error t Statistic
Intercept 498.51 16.53 30.16
Roto Flow 0.08 0.00 17.27
P-value Lower 95% Upper 95%
Intercept 3.88E-14 462.80 534.22
Roto Flow 7.80E-11 0.07 0.10
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Table 20
Regression Statistics for Torque and Roto Flow of
Tractor Engines at 1200 RPM (95% Confidence)
Regression Statistics
Multiple r 0.959
r Square 0.920
Adjusted r Square 0.914
Standard Error 1.619
Observations 15
Analysis of Variance
df SS MS
Regression 1 393. 90 393 .90
Residual 13 34.10 2 .62
Total 14 428. 00
F Significance F
Regression 150.18 1.62E-08
Residual
Total
Coefficients Standard Error t Statistic
Intercept 506 .33 21.93 23.09
Roto Flow 0.08 0.00 12.25
P-value Lower 95% Upper 95%
Intercept 1.52E-12 458.96 553.70
Roto Flow 7.14E-09 0.07 0.09
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Table 21
Regression Statistics for Torque and Roto Flow of
Tractor Engines at 1000 RPM (95% Confidence)
Regression Statistics
Multiple r 0.974 
r Square 0.950 
Adjusted r Square 0.946 
Standard Error 1.216 
Observations 15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 362.52
13 19.21
14 381.73
362.52
1.48
F Significance F
Regression
Residual
Total
245.28 8.10E-10
Coefficients Standard Error t Statistic
Intercept 
Roto Flow
482.39 16.46 
0.08 0.00
29.31
15.66
P-value Lower 95% Upper 95%
Intercept 
Roto Flow
5.76E-14 446.83 
2.87E-10 0.07
517.95
0.09
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Results of Findings for Hydra Flow Study 
Hypotheses 4 to 6
H04: There are no significant differences between mean
values for torque among the different levels of nozzle hydra 
flow.
H14: There are significant differences between mean
values for torque among the different levels of nozzle hydra 
flow.
H05: There are no significant differences between mean
values for torque among the different engine speeds.
H15: There are significant differences between mean
values for torque among the different engine speeds.
H06: There is no significant interaction between 
different levels of nozzle hydra flow and engine speed.
H16: There is significant interaction between different 
levels of nozzle hydra flow and engine speed.
Findings
In order to test Hypotheses 4 to 6, three levels of 
nozzle hydra flow (higher specification limit, medium value, 
and lower specification limit) were employed to observe the 
corresponding engine torque value at seven different engine 
speeds for both groups. The cotton picker engine group had 
a larger tolerance spread, i.e., the value between the upper 
specification limit and the lower specification limit was 
larger than that of the tractor engine group. With an alpha
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level of .05, the effect of hydra flow level on torque was 
statistically significant. For the cotton picker engine 
group, F(2, 84) = 320.70, p < .05. For the tractor engine 
group, F(2, 84) = 228.48, p < .05 With an alpha level of 
.05, the effect of engine speed on torque was statistically 
significant. For the cotton picker engine group, F(6, 84) = 
5269.85, p < .05. For the tractor engine group, F(6, 84) = 
10180.93, p < .05. With an alpha level of .05, the 
interaction between speed and torque was not statistically 
significant. For the cotton picker engine group, F(12, 84)
= 0.83, p > .05. For the tractor engine group, F(12, 84) = 
1.84, p > .05. The summary of mean values of each level of 
nozzle hydra flow for cotton picker engine group is shown in 
Table 22, and the summary of mean values for tractor engine 
group is shown in Table 23. The statistical summary for the 
cotton picker engine group is shown in Table 24, and the 
statistical summary for the tractor engine group is shown in 
Table 25.
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Table 22
Mean Values of Torque for Cotton Picker Engines under Three 
Levels of Nozzle Hvdra Flow and Seven Engine Speeds
Hydra
Flow
Mean Torque Under Engine Speeds (Nm)
2200
rpm
2000
rpm
1800
rpm
1600
rpm
1400
rpm
1200
rpm
1000
rpm
Mean
High 825 921 1015 1064 1101 1045 750 960
Medium 801 896 983 1041 1067 1023 722 933
Low 786 879 969 1026 1055 1009 702 918
Mean 804 899 989 1044 1075 1025 724
Note. 1. Hydra Flow level affected engine torque.
F (2, 84) = 320.70, E < -05
2. Engine speed affected engine torque.
F (6, 84) = 5269.85, £ < -05
3. There was no interaction between hydra flow and 
speed. F(12, 84) = 0.83, e > -05
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Table 23
Mean Values of Torcrue for Tractor Engines under Three Levels 
of Nozzle Hvdra Flow and Seven Engine Speeds
Hydra
Flow
Mean Torque Under Engine Speeds (Nm)
2100
rpm
2000
rpm
1800
rpm
1600
rpm
1400
rpm
1200
rpm
1000
rpm
Mean
High 612 653 736 779 791 781 746 728
Medium 605 647 728 773 783 775 739 721
Low 594 637 720 767 778 769 735 715
Mean 603 646 728 773 784 775 740
Note. 1. Hydra Flow level affected engine torque.
F (2, 84) = 228.48, E < -05
2. Engine speed affected engine torque.
F (6, 84) = 10181.93, E < -05
3. There was no interaction between hydra flow and 
speed. F (12, 84) = 1.84, e > -05
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Table 24
Statistical Summary of ANOVA for the Torcrue and Hvdra
Flow of Cotton Picker Engines (95% Confidence)
Source of Variance SS df MS
Roto Flow 32014.88 2 16007.44
Engine Speed 1578244.00 6 263040.60
Interaction 500.72 12 41.73
Within 4192.80 84 49.91
Total 1614952.00 104
Source of Variance F P-value F crit
Roto Flow 320.70 4.74E-40 3 .11
Engine Speed 5269.85 5.60E-106 2 .21
Interaction 0.83 0.61 1.87
Within
Total
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IdU1C 40
Statistical Summarv of ANOVA for the Toroue and Hvdra
Flow of Tractor Encrines (95% Confidence)
Source of Variance SS df MS
Roto Flow 3305.39 2 1652.70
Engine Speed 441852.20 6 73642.04
Interaction 159.54 12 13.30
Within 607.60 84 7.23
Total 445924.80 104
Source of Variance F P-value F crit
Roto Flow 228.48 1.06E-34 3 .11
Engine Speed 10180.93 5.80E-118 2 .21
Interaction 1.84 0.055 1.87
Within
Total
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Hypothesis 8
H08: There is no relationship between level of nozzle 
hydra flow and engine rated torque.
H18: There is a relationship between level of nozzle 
hydra flow and engine rated torque.
Findings
The 15 pairs of nozzle hydra flow and the corresponding 
engine torque were analyzed to find the possible 
correlation. A significant positive correlation coefficient 
was found between nozzle hydra flow and engine torque for 
both cotton picker engine and tractor engine groups at each 
tested engine speed. The summary of Pearson r between 
nozzle hydra flow and engine torque for both the cotton 
picker engine and the tractor engine group is presented in 
Table 24. The regression lines for predicting engine torque 
from available fuel injection nozzle hydra flow at each 
engine speed for the cotton picker engine group and the 
tractor engine group are presented in Tables 27 and 28. The 
regression statistics are presented in Table 29 to Table 35 
for the cotton picker engine group and Table 36 to Table 42 
for the tractor engine group. The scattergrams are 
graphically presented in Figure 15 to Figure 21 for the 
cotton picker engine group and Figure 22 to Figure 28 for 
the tractor engine group.
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Table 26
Summary of Pearson r between Nozzle Hvdra Flow and 
Torcxue for Both Cotton Picker and Farm Tractor Engines 
at Each Tested Engine Speeds
Engine Speed
Pearson Correlation Coefficient r
Cotton Picker Engines Tractor Engines*
2200 (2100*) rpm 0.979 0.963
2000 rpm 0.984 0.948
1800 rpm 0.959 0.982
1600 rpm 0.982 0.981
1400 rpm 0.939 0.979
1200 rpm 0.976 0.960
1000 rpm 0.969 0.974
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Table 27
Linear Regression Equations between Nozzle Hvdra Flow and 
Toroue for Cotton Picker Engines at Seven Engine Speeds
Speed Linear Regression Equations
2200 T (Nm) = 345.49 + 0 .27 * HF (ccm/min) +. 3 .71
2000 T (Nm) = 395.99 + 0.30 * HF (ccm/min) + 3 .54
1800 T (Nm) = 468.93 + 0.30 * HF (ccm/min) + 6.03
1600 T (Nm) = 586.77 + 0 .27 * HF (ccm/min) +. 3 .41
1400 T (Nm) = 549.39 + 0.31 * HF (ccm/min) ± 7.56
1200 T (Nm) = 596.77 + 0 .25 * HF (ccm/min) ± 3 .76
1000 T (Nm) = 155.33 + 0 .33 * HF (ccm/min) ± 5.70
Table 28
Linear Regression Equations between Nozzle Hvdra Flow and
Torque for Tractor Engines ,at Seven Engine SDeeds
Speed Linear Regression Equations
2100 T (Nm) = 213.02 + 0.43 * HF (ccm/min) + 2.25
2000 T (Nm) = 291.67 + 0.39 * HF (ccm/min) +. 2 .43
1800 T (Nm) = 367.69 + 0.40 * HF (ccm/min) + 1.43
1600 T (Nm) = 506.42 + 0.29 * HF (ccm/min) ± 1.09
1400 T (Nm) = 498.53 + 0.31 * HF (ccm/min) ± 1.22
1200 T (Nm) = 506.36 + 0.30 * HF (ccm/min) ± 1.62
1000 T (Nm) = 482.42 + 0.28 * HF (ccm/min) ± 1.22
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Table 29
Regression Statistics for Torque and Hvdra Flow of Cotton
Picker Engines at 2200 RPM (95% Confidence)
Regression Statistics
Multiple r 
r Square
Adjusted r Square 
Standard Error 
Observations
0.979
0.959
0.956
3.715
15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 4202
13 179
14 4382
.59 
.43 
. 03
4202
13
.59
.80
F Significance F
Regression
Residual
Total
304 .47 2.11
Coefficients Standard Error t Statistic
Intercept 
Hydra Flow
345.49
0.27
26.30
0.01
13.13
17.45
P-value Lower 95% Upper 95%
Intercept 
Hydra Flow
2.91E-09
6.78E-11
288.67
0.23
402.32
0.30
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Table 30
Regression Statistics for Torque and Hvdra Flow of Cotton
Picker Engines at 2000 RPM (95% Confidence)
Regression Statistics
Multiple r 
r Square
Adjusted r Square 
Standard Error 
Observations
0. 984 
0.969 
0.966 
3.539 
15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 5051.
13 162.
14 5214.
.67
.81
.48
5051.67
12.52
E Significance F
Regression
Residual
Total
403.36 3.60E-11
Coefficients Standard Error t Statistic
Intercept 
Hydra Flow
395.99
0.29
25.05
0.01
15.80
20.08
P-value Lower 95% Upper 95%
Intercept 
Hydra Flow
2.54E-10 
1.02E-11
341.86
0.26
450.12
0.33
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Table 31
Regression Statistics for Torcrue and Hvdra Flow of Cotton
Picker Engines at 1800 RPM (95% Confidence)
Regression Statistics
Multiple r 
r Square
Adjusted r Square 
Standard Error 
Observations
0.959
0.920
0.913
6.029
15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 5406
13 472
14 5879.
.57
.48
.04
5406.57 
36 .34
F Significance F
Regression
Residual
Total
148.76 1.72E-08
Coefficients Standard Error t Statistic
Intercept 
Hydra Flow
468.93
0.30
42.68
0.02
10. 99 
12.20
P-value Lower 95% Upper 95%
Intercept 
Hydra Flow
2 .88E-08 
7.59E-09
376.72
0.25
561.14 
0 .36
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Table 32
Regression Statistics for Torque and Hvdra Flow of Cotton
Picker Engines at 1600 RPM (95% Confidence)
Regression Statistics
Multiple r 
r Square
Adjusted r Square 
Standard Error 
Observat ions
0.982
0.965
0.962
3.412
15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 4177
13 151
14 4328
.17
.37
.54
4177.17
11.64
F Significance F
Regression
Residual
Total
358.75 7.54E-11
Coefficients Standard Error t Statistic
Intercept 
Hydra Flow
586.77
0.27
24.16
0.01
24.29
18.94
P-value Lower 95% Upper 95%
Intercept 
Hydra Flow
7.61E-13
2.24E-11
534.58
0.24
638.96
0.30
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Table 33
Regression Statistics for Torcrue and Hvdra Flow of Cotton
Picker Engines at 1400 RPM (95% Confidence)
Regression Statistics
Multiple r 
r Square
Adjusted r Square 
Standard Error 
Observations
0.939 
0.881 
0.872 • 
7.556 
15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 5511.
13 742
14 6253,
.28
.15
.43
5511.28
57.09
E Significance F
Regression
Residual
Total
96.54 2.21E-07
Coefficients Standard Error t Statistic
Intercept 
Hydra Flow
549.39
0.31
53 .49 
0.03
10.27
9.82
P-value Lower 95% Upper 95%
Intercept 
Hydra Flow
6.71E-08
1.16E-07
433 .83 
0.24
664.96
0.37
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Table 34
Regression Statistics for Torcrue and Hvdra Flow of Cotton
Picker Engines at 1200 RPM (95% Confidence)
Regression Statistics
Multiple r 
r Square
Adjusted r Square 
Standard Error 
Observations
0 .976 
0 .952 
0 .949 
3 .759 
15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 3668
13 183
14 3851
.19
.69
.88
3668.19 
14 .13
F Significance F
Regression
Residual
Total
259.60 5.69E-10
Coefficients Standard Error t Statistic
Intercept 
Hydra Flow
596.77
0.25
26.61
0.01
22.42
16.11
P-value Lower 95% Upper 95%
Intercept 
Hydra Flow
2.27E-12
1.97E-10
539.28
0.22
654.27
0.28
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Table 35
Regression Statistics for Torcrue and Hvdra Flow of Cotton
Picker Engines at 1000 RPM (95% Confidence)
Regression Statistics
Multiple r 0.969 
r Square 0.939 
Adjusted r Square 0.934 
Standard Error 5.695 
Observations 15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 6476.57
13 421.71
14 6898.28
6476.57 
32 .44
F Significance F
Regression
Residual
Total
199.65 2.88E-09
Coefficients Standard Error t Statistic
Intercept 
Hydra Flow
155.33 40.32 
0.33 0.02
3 .85 
14.13
P-value Lower 95% Upper 95%
Intercept 
Hydra Flow
0.00 68.22 
1.12E-09 0.28
242.44
0.38
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Table 36
Regression Statistics for Torcme and Hvdra Flow of
Tractor Engines at 2100 RPM (95% Confidence)
Regression Statistics
Multiple r 0.963 
r Square 0.927 
Adjusted r Square 0.921 
Standard Error 2.250 
Observations 15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 831.78
13 65.82
14 897.60
831.78
5.06
F Significance F
Regression
Residual
Total
164.27 9.45E-09
Coefficients Standard Error t Statistic
Intercept 
Hydra Flow
213.02 30.46 
0.43 0.03
6.99
12.82
P-value Lower 95% Upper 95%
Intercept 
Hydra Flow
6.32E-06 147.21 
4.00E-09 0.36
278.83
0.50
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Table 37
Regression Statistics for Torcrue and Hvdra Flow of
Tractor Engines at 2000 RPM (95% Confidence)
Regression Statistics
Multiple r 0.948 
r Square 0.900 
Adjusted r Square 0.891 
Standard Error 2.430 
Observations 15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 685.25
13 76.75
14 762.00
685.25
5.90
F Significance F
Regression
Residual
Total
116.07 7.53E-08
Coefficients Standard Error t Statistic
Intercept 
Hydra Flow
291.67 32.89 
0.39 0.04
8.87
10.77
P-value Lower 95% Upper 95%
Intercept 
Hydra Flow
4.05E-07 220.60 
3.68E-08 0.31
362.73
0.47
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Table 38
Regression Statistics for Torque and Hvdra Flow of
Tractor Engines at 1800 RPM (95% Confidence)
Regression Statistics
Multiple r 0.982 
r Square 0 . 964 
Adjusted r Square 0.961 
Standard Error 1.431 
Observations 15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 709.10
13 26.63
14 735.73
709.10 
2. 05
F Significance F
Regression
Residual
Total
346.13 9.44E-11
Coefficients Standard Error t Statistic
Intercept 
Hydra Flow
367.69 19.38 
0.40 0.02
18.97
18.60
P-value Lower 95% Upper 95%
Intercept 
Hydra Flow
2.19E-11 325.83 
2.86E-11 0.35
409.55
0.44
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Table 39
Regression Statistics for Torcrue and Hvdra Flow of
Tractor Engines at 1600 RPM (95% Confidence)
Regression Statistics
Multiple r 0.981 
r Square 0.962 
Adjusted r Square 0.959 
Standard Error 1.091 
Observations 15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 388.25
13 15.48
14 403.73
388.25
1.19
E Significance F
Regression
Residual
Total
325.96 1.37E-10
Coefficients Standard Error t Statistic
Intercept 
Hydra Flow
506.42 14.77 
0.29 0.02
34 .27 
18.05
P-value Lower 95% Upper 95%
Intercept 
Hydra Flow
6.61E-15 474.50 
4.28E-11 0.26
538.34 
0 .33
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Table 40
Regression Statistics for Torcrue and Hvdra Flow of
Tractor Engines at 1400 RPM (95% Confidence)
Regression Statistics
Multiple r 0.979 
r Square 0.958 
Adjusted r Square 0.955 
Standard Error 1.221 
Observations 15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 444.36
13 19.37
14 463.73
444.36
1.49
F Significance F
Regression
Residual
Total
298.15 2.40E-10
Coefficients Standard Error t Statistic
Intercept 
Hydra Flow
498.53 16.53 
0.31 0.02
30.16
17.27
P-value Lower 95% Upper 95%
Intercept 
Hydra Flow
3.87E-14 462.83 
7.80E-11 0.27
534.24
0.35
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Table 41
Regression Statistics for Torque and Hvdra Flow of
Tractor Engines at 1200 RPM (95% Confidence)
Regression Statistics
Multiple r 0.959
r Square 0.920
Adjusted r Square 0 . 914
Standard Error 1.620
Observations 15
Analysis of Variance
df SS MS
Regression 1 393.88 393 .88
Residual 13 34.12 2 .62
Total 14 428.00
F Significance F
Regression 150.07 1.63E-08
Residual
Total
Coefficients Standard Error t Statistic
Intercept 506.36 21.93 23 .09
Hydra Flow 0.29 0.02 12 .25
P-value Lower 95% Upper 95%
Intercept 1.52E-12 458.98 553.74
Hydra Flow 7.17E-09 0.24 0.35
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Table 42
Regression Statistics for Torque and Hvdra Flow of
Tractor Engines at 1000 RPM (95% Confidence)
Regression Statistics
Multiple r 0.974 
r Square 0 . 950 
Adjusted r Square 0.946 
Standard Error 1.216 
Observations 15
Analysis of Variance
df SS MS
Regression
Residual
Total
1 362.51
13 19.22
14 381.73
362.51
1.48
F Significance F
Regression
Residual
Total
245.13 8.13E-10
Coefficients Standard Error t Statistic
Intercept 
Hydra Flow
482.42 16.46 
0.28 0.02
29.30
15.66
P-value Lower 95% Upper 95%
Intercept 
Hydra Flow
5.77E-14 446.85 
2.88E-10 0.24
517.98
0.32
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Discussion of Findings
This study found that different levels of fuel 
injection nozzle roto flow and hydra flow significantly 
affected diesel engine torque. The Pearson correlation 
coefficient r were greater than 0.94 for both tested cotton 
picker engine and tractor engine groups.
In the four-stroke diesel process, air is sucked into 
the combustion chamber during the induction stroke as the 
piston moves down and increases the volume of the cylinder. 
The induction stroke follows by the compression stroke. The 
enclosed air is then compressed as the piston moves up and 
reduces the volume in the cylinder. At the end of this 
stroke, the air is heated to a very high temperature and 
fuel is then injected into the compressed and heated air and 
is ready for the power stroke. During the power stroke, the 
fuel is ignited by the hot air and burns. The pressure in 
the cylinder increases and drives the piston down, which 
produces torque to the crankshaft via the connected rod. 
After the power stroke is the exhaust stroke, the piston 
moves up and forces the burnt gases out. The operating 
cycle is repeated after the exhaust stroke is complete.
For a diesel engine, the power stroke is the most 
important stroke. The quality of combustion greatly affects 
engine torque production. Before the combustion can occur, 
the fuel must be atomized, evaporated, and mixed with the
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intake air at the high compression pressure. The fuel in 
metered to the combustion chamber through the injection 
nozzle. The fuel particles emerging through the nozzle 
orifice penetrate the highly-compressed, turbulent air at 
high speed. Fuel evaporate increasingly and mix with air to 
produce a combustible mixture which auto-ignites at very 
high temperature. After the start of the ignition, the 
combustion process is controlled by the time characteristic 
of the injected fuel quantity. So the variables of 
injection characteristic, injection duration, and air-fuel 
mixture formation greatly affect combustion quality.
Fuel injection nozzle roto flow and hydra flow is 
directly related to the nozzle tip hole size, and different 
nozzle roto flow and hydra flow level can affect injection 
characteristic and air-fuel mixture formation. This 
explains why nozzle roto flow and hydra flow level affected 
engine rated torque.
This study supported the expectation that varying the 
engine speed contributed to different engine torque ratings. 
This study also indicated that the effect of nozzle roto 
flow and hydra flow on diesel engine torque was independent 
of engine speed.
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CHAPTER V
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
Summary 
Purpose of the Study 
The purpose of this study was to investigate the 
relationships between diesel engine fuel injection nozzle 
roto flow and hydra flow and engine rated torque. The 
literature review revealed that fuel injection nozzle 
configurations were important factors to consider when 
designing the optimum diesel engine fuel injection system.
It was also indicated that nozzle configuration, 
particularly the size of nozzle spray hole, might be an 
important factor to affect engine performance. However, 
there has been no systematic and detailed investigation into 
the precise relationships between nozzle spray hole size and 
engine torque, i.e., the relationships between fuel 
injection nozzle roto flow and hydra flow and diesel engine 
torque.
Statement of the Problem 
The problem was to determine the relationship between a 
diesel engine fuel injection nozzle roto flow and hydra flow 
and engine torque, and further to identify the Pearson 
correlation coefficient r between the level of nozzle roto 
flow and hydra flow and diesel engine torque at each engine 
speed.
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Significance of the Study
Targeting engine torque at the nominal value and 
reducing engine torque variation are two major ways to 
improve engine performance. Inspecting and correcting a 
defective engine which is out of torque tolerance is 
expensive and time-consuming. It was believed that an 
accurate determination of the relationships between nozzle 
roto flow and hydra flow and engine torque could be used to 
predict the engine torque variation. This would 
significantly reduce the number of trials and increase 
production efficiency.
Methodology
The approach to obtain the relationships between nozzle 
roto flow and hydra flow and engine torque was to analyze 
the experimental data from an engine manufacturer. 
International Standard Organization standard test procedures 
were used to test the engines. The following statistical 
analyses were used:
1. A two-way ANOVA of diesel engine torque under three 
nozzle roto flow and hydra flow levels and seven engine 
speeds was used to determine the effect of nozzle roto flow 
and nozzle hydra flow on diesel engine torque at different 
engine speeds.
2. The correlation of nozzle roto flow and hydra flow 
and diesel engine torque was used to identify the possible
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mathematical relationship between nozzle roto flow and 
nozzle hydra flow and diesel engine torque.
Findings
The following findings were based on results of the 
statistical analyses of the experimental data:
Hypotheses 1. 2. 3. and 7
The Null Hypothesis 1, 2, and 7 were rejected and the 
alternative hypotheses accepted. The Null Hypothesis 3 was 
accepted and the alternative hypothesis was rejected. Under 
the same test condition, increased fuel injection nozzle 
roto flow contributed to increased engine torque. There was 
no interaction between nozzle roto flow and engine speed.
The correlation and regression analyses illustrated that a 
strong positive correlation existed between fuel injection 
nozzle roto flow and diesel engine torque. The following 
linear regression equations were developed to predict cotton 
picker engine torque from nozzle roto flow at each tested 
engine speed:
2200 rpm: T (Nm) = 415.57
2000 rpm: T (Nm) = 479.22
1800 rpm: T (Nm) = 539.73
1600 rpm: T (Nm) = 663.50
1400 rpm: T (Nm) = 616.87
1200 rpm: T (Nm) = 670.09
1000 rpm: T (Nm) = 249.27
+ 0.12 * RF (ccm/min) +4.87
+ 0.13 * RF (ccm/min) +5.97
+ 0.14 * RF (ccm/min) +5.75
+ 0.12 * RF (ccm/min) +5.70
+ 0.14 * RF (ccm/min) +6.80
+ 0.11 * RF (ccm/min) +5.87
+ 0.15 * RF (ccm/min) +7.84
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The same regression analysis was also conducted for the 
tractor engines. The regression lines for predicting 
engine torque at each tested engine speed are presented 
below:
2100 rpm: T (Nm) = 212.99 + 0.12 * RF (ccm/min) + 2.25
2000 rpm: T (Nm) = 291.64 + 0.11 * RF (ccm/min) + 2.43
1800 rpm: T (Nm) = 367.65 + 0.11 ★ RF (ccm/min) + 1.43
1600 rpm: T (Nm) = 506.40 + 0. 08 * RF (ccm/min) + 1.09
1400 rpm: T (Nm) = 498.51 + 0. 09 * RF (ccm/min) ± 1.22
1200 rpm: T (Nm) = 506.33 + 0 . 08 * RF (ccm/min) ± 1.62
1000 rpm: T (Nm) = 482.39 + 0.08 * RF (ccm/min) ± 1.22
Hypotheses 4. 5. 6. and 8
The Null Hypothesis 4, 5, and 8 were rejected and the 
alternative hypotheses accepted. The Null Hypothesis 6 was 
accepted and the alternative hypothesis rejected. Under the 
same test condition, increased fuel injection nozzle hydra 
flow contributed to increased engine torque. Different 
engine speed contributed to different engine torque. There 
was no interaction between nozzle hydra flow and engine 
speed. The correlation and regression analyses 
illustrated that a strong positive correlation existed 
between fuel injection nozzle hydra flow and diesel engine 
rated torque. The following linear regression equations
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were developed to predict cotton picker engine torque from 
nozzle hydra flow at each tested engine speed:
2200 rpm: T (Nm) = 345.49 + 0.27 * HF (ccm/min) + 3.71
2000 rpm: T (Nm) = 395.99 + 0.30 * HF (ccm/min) ±3.54
1800 rpm: T (Nm) = 468.93 + 0.30 * HF (ccm/min) ±6.03
1600 rpm: T (Nm) = 586.77 + 0.27 * HF (ccm/min) ± 3.41
1400 rpm: T (Nm) = 549.39 + 0.31 * HF (ccm/min) ±7.56
1200 rpm: T (Nm) = 596.77 + 0.25 * HF (ccm/min) ±3.76
1000 rpm: T (Nm) = 155.33 + 0.33 * HF (ccm/min) ±5.70
The same regression analysis was also conducted for the
tractor engines. The regression lines for predicting engine
torque from fuel injection nozzle hydra flow at each tested
engine speed are presented below:
2100 rpm: T (Nm) = 213.02 + 0.43 * HF (ccm/min) ± 2.25
2000 rpm: T (Nm) = 291.67 + 0.39 * HF (ccm/min) ± 2.43
1800 rpm: T (Nm) = 367.69 + 0.40 * HF (ccm/min) ± 1.43
1600 rpm: T (Nm) = 506.42 + 0 .29 * HF (ccm/min) ± 1.09
1400 rpm: T (Nm) = 498.53 + 0 .31 * HF (ccm/min) ± 1.22
1200 rpm: T (Nm) = 506.36 + 0.30 * HF (ccm/min) ±1.62
1000 rpm: T (Nm) = 482.42 + 0.28 * HF (ccm/min) ± 1.22
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Conclusions
The following conclusions were based on the findings of 
this study in which the relationships between fuel injection 
nozzle roto flow and hydra flow and engine torque were 
investigated. In applying these conclusions, the reader 
should be aware that they apply specifically to diesel 
engines of tractors and cotton pickers.
1. The fuel injection nozzle roto flow significantly 
affected diesel engine torque.
2. Different engine speeds contributed to different 
engine torque.
3. There was no interaction between the fuel injection 
nozzle roto flow and engine speeds.
4. There was a significant positive correlation (>.94) 
between fuel injection nozzle roto flow and diesel engine 
torque.
5. Diesel engine rated torque could be predicted from 
the fuel injection nozzle roto flow value by using the 
linear regression equations as presented in Tables 6 and 7.
6. The fuel injection nozzle hydra flow significantly 
affected diesel engine torque.
7. There was no interaction between the fuel injection 
nozzle hydra flow and engine speeds.
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8. There was a significant positive correlation (>.94) 
between fuel injection nozzle hydra flow and diesel engine 
torque.
9. Diesel engine rated torque could be predicted from 
the fuel injection nozzle hydra flow value by using the 
linear regression equations as presented in the Tables 27 
and 2 8.
10. The linear equation between fuel injection nozzle 
roto flow and hydra flow and diesel engine torque was 
different at different engine speeds for the same type of 
diesel engine.
Based on the results of the cotton picker engine group 
test, the roto flow tolerance of 400 cc/min was equal to a 
4.8% change in engine torque (80% tolerance) consumed from 
low to high. Based on the result of the tractor engine 
group test, the nozzle flow variation of +/- 2.3% resulted 
in engine performance variation of +/- 1%, or an approximate 
2 to 1 factor of contribution to engine performance. 
According to the findings of this study, the design of fuel 
injection nozzle roto flow and hydra flow could be based on 
the nominal torque required, and the tolerance of the roto 
flow and hydra flow could be based on the tolerance of 
torque required.
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Recommendations
For tractor and cotton picker engines, a precise 
prediction of engine torque from a specific fuel injection 
nozzle roto flow or hydra flow could be calculated directly 
from the equations included in this study. In addition, the 
findings of this study could possibly lead to a further 
investigation to control diesel engine torque variation.
This technology could help engine manufacturers effectively 
predict the optimum fuel injection nozzle roto flow or hydra 
flow required and lead to further control the engine torque 
variation.
This research clearly demonstrated that a significant 
positive relationship existed between nozzle roto flow and 
hydra flow and engine torque. This study verified the 
importance of using fuel injection nozzles with known roto 
flow or hydra flow values for all fuel injection system 
development. Diesel engine manufacturers should target 
nominal power by using specific roto flow or hydra flow 
nozzles.
To efficiently manage engine torque and torque 
variation, a strategy for controlling fuel injection nozzle 
size variability must be established. Some opportunities 
that could be pursued would be to ensure that nozzles are 
sorted into the categories of low, medium, and high for roto 
flow and hydra flow. This would mandate 100% inspection,
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but the nozzle supplier could then avoid excessive scrap and 
reclaim. In addition, the nozzle could also be used as a 
solution for power complaints in the field.
This study was conducted on tractor and cotton picker 
diesel engines. A similar study should be conducted using 
gasoline engines.
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Roto flow and correspondent torque in Nm 
at seven speeds for the cotton picker engines
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Appendix A: Roto flow and correspondent torque in Nm at seven speeds for the cotton picker engines.
Engine Speed (in rpms)
Roto Flow 
(ccm/min) 2200 2000 1800 1600 ‘ 1400 1200 1000
3357 828 933 1017 1074 1113 1059 771
3340 825 923 1016 1064 1107 1046 756
3330 825 918 1016 1063 1102 1045 744
3330 824 917 1014 1063 1096 1039 743
3327 823 916 1012 1058 1090 1034 735
3183 811 908 994 1052 1073 1032 728
3170 805 901 985 1045 1067 1026 725
3170 800 892 981 1037 1067 1022 721
3150 796 891 980 1037 1065 1018 718
3150 795 888 977 1036 1063 1016 717
3022 794 886 976 1033 1059 1014 710
3013 792 885 972 1030 1056 1010 709
3010 785 879 971 1029 1054 1009 701
3007 782 878 970 1026 1054 1008 695
2992 775 867 957 1012 1054 1003 695
130
131
Appendix B
Hydra flow and correspondent torque 
in Nm at seven speeds 
for the cotton picker engines
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Appendix B: Hydra flow and correspondent torque in Nm at seven speeds for the cotton picker engines.
Hydra Flow 
(ccm/min)
Engine Speed (in rpms)
2200 2000 1800 1600 1400 1200 1000
1803 828 933 1017 1074 1113 1059 771
1792 825 923 1016 1064 1107 1046 756
1781 825 918 1016 1063 1102 1045 744
1765 824 917 1014 1063 1096 1039 743
1744 823 916 1012 1058 1090 1034 735
1742 811 908 994 1052 1073 1032 728
1720 805 901 985 1045 1067 1026 725
1706 800 892 981 1037 1067 1022 721
1692 796 891 980 1037 1065 1018 718
1680 795 888 977 1036 1063 1016 717
1662 794 886 976 1033 1059 1014 710
1646 792 885 972 1030 1056 1010 709
1638 785 879 971 1029 1054 1009 701
1626 782 878 970 1026 1054 1008 695
1597 775 867 957 1012 1054 1003 695
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Appendix C: Roto flow and correspondent torque in Nm at seven speeds for the tractor engines.
Roto Flow 
(ccm/min)
Engine Speed
2100 2000 1800 1600 1400 1200 1000
3444 613 654 743 782 796 788 752
3424 613 654 736 781 792 780 748
3400 611 654 735 780 791 780 744
3381 611 653 734 779 788 778 743
3372 610 652 734 775 786 778 742
3352 608 652 731 774 784 777 742
3339 607 649 729 774 784 777 741
3314 605 648 727 772 782 774 739
3311 603 644 727 772 782 774 738
3304 601 643 724 771 782 772 737
3283 598 642 722 769 779 772 737
3281 597 639 721 768 779 771 736
3272 593 637 721 767 779 768 736
3240 591 637 720 767 778 768 734
3223 590 632 718 766 776 768 733
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Appendix D: Hydra flow and correspondent torque in Nm at seven speeds for the tractor engines.
Engine Speed (in rpms)
Hydra Flow 
(ccm/min) 2100 2000 1800 1600 1400 1200 1000
941 613 654 743 782 796 788 752
935 613 654 736 781 792 780 748
929 611 654 735 780 791 780 744
923 611 653 734 779 788 778 743
921 610 652 734 775 786 778 742
916 608 652 731 774 784 777 742
912 607 649 729 774 784 777 741
905 605 648 727 772 782 774 739
904 603 644 727 772 782 774 738
902 601 643 724 771 782 772 737
897 598 642 722 769 779 772 737
896 597 639 721 768 779 771 736
894 593 637 721 767 779 768 736
885 591 637 720 767 778 768 734
880 590 632 718 766 776 768 733
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Appendix E: Data for roto flow test under seven specific engine speeds for the cotton picker engines.
Roto Flow Torque (in Nm) for Tractor Engines under 7 Specific Engine Speeds (in rpms)
(ccm/min) 2200 2000 1800 1600 1400 1200 1000
828 933 1017 1074 1113 1059 771
825 923 1016 1064 1107 1046 756
3337 825 918 1016 1063 1102 1045 744
824 917 1014 1063 1096 1039 743
823 916 1012 1058 1090 1034 735
811 908 994 1052 1073 1032 728
805 901 985 1045 1067 1026 725
3165 800 892 981 1037 1067 1022 721
796 891 980 1037 1065 1018 718
795 888 977 1036 1063 1016 717
794 886 976 1033 1059 1014 710
792 885 972 1030 1056 1010 709
3009 785 879 971 1029 1054 1009 701
- 782 878 970 1026 1054 1008 695
775 867 957 1012 1054 1003 695
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Appendix F: Data for roto flow test under seven specific engine speeds for the tractor engines.
Roto Flow Torque (in Nm) for Tractor Engines under 7 Specific Engine Speeds (in rpms)
(ccm/min) 2100 2000 1800 1600 1400 1200 1000
613 654 743 782 796 788 752
613 654 736 781 792 780 748
3404 611 654 735 780 791 780 744
611 653 734 779 788 778 743
610 652 734 775 786 778 742
608 652 731 774 784 777 742
607 649 729 774 784 777 741
3324 605 648 727 772 782 774 739
603 644 727 772 782 774 738
601 643 724 771 782 772 737
598 642 722 769 779 772 737
597 639 721 768 779 771 736
3260 593 637 721 767 779 768 736
- 591 637 720 767 778 768 734
590 632 718 766 776 768 733
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Appendix G: Data for hydra flow test under seven specific engine speeds for the cotton picker engines.
Hydra Flow Torque (in Nm) for Tractor Engines under 7 Specific Engine Speeds (in rpms)
(ccm/min) 2200 2000 1800 1600 1400 1200 1000
828 933 1017 1074 1113 1059 771
825 923 1016 1064 1107 1046 756
1777 825 918 1016 1063 1102 1045 744
824 917 1014 1063 1096 1039 743
823 916 1012 1058 1090 1034 735
811 908 994 1052 1073 1032 728
805 901 985 1045 1067 1026 725
1708 800 892 981 1037 1067 1022 721
796 891 980 1037 1065 1018 718
795 888 977 1036 1063 1016 717
794 886 976 1033 1059 1014 710
792 885 972 1030 1056 1010 709
1634 785 879 971 1029 1054 1009 701
- 782 878 970 1026 1054 1008 695
775 867 957 1012 1054 1003 695
142
143
Appendix H
Data for hydra flow test under seven 
specific engine speeds for the tractor engines
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Ap
pe
nd
ix
 
H:
 
Da
ta
 
for
 
hy
dr
a 
flo
w 
te
st
 
un
de
r 
se
ve
n 
sp
ec
if
ic
 
en
gi
ne
 
sp
ee
ds
 
for
 t
he 
tr
ac
to
r 
en
gi
ne
s.
144
o
oo
CM CO CO CM
CO T}-
fv |v tv tv |v
CO
E
E
(0■o©a>aj
CO
a)
o
o
CM
00 O O CO 00
CO 00 CO |v tv
t v tv |v tv tv
oicUl oo•'*
CO CM CO CO
05 o> O) 00 CO
tv tv tv tv |v
ua)
a.
CO
a>
T5c3
coa>c
*rac
LLI
OO
CO
o
o
CO
CM T— O O) in
CO 00 CO |v |v
|v |v tv |v |V
CO CO in
'i- CO CO CO CO
tv IV tv tv tv
oo
o
CM
CD3
E
oH-
oo
CM
■O' ■M-•M" CO CMin in in in in
CO <0 CO CO CO
CO CO T - T - o
T- T~ T "
CO CO CO CO CO
I *
o: e
2 E 
P o 
X  °
o
CO
o>
CM 05 00 tv |v CO CO ■M" CO
■M" ■O' CO CO CO CO CO CO CO CO
tv tv tv tv tv tv tv tv tv tv
tv tv ’Ct ■'fr CM CM y- CO CO CO
tv tv tv |V |v t v tv CO CO CO
IV tv IV tv tv t v tv tv tv |v
■0" ■>3- CM CM CM 05 05 05 00 CO
CO CO 00 CO 00 |v |v tv |v |v
|v tv tv tv tv | v tv tv tv tv
CM CM 05 CO |v tv CO
fv tv tv fv |V CO CO CO CO CO
IV IV IV |v |V |v |v IV |v |v
05 fv |V CM T— T— O CO
CO CM CM CM CM CM CM CM CM T—
tv tv |v tv tv IV tv |v tv |v
CM 05 CO CO CM 05 tv tv CM
in CO CO CO CO
CO CO CO CO CO CO CO CO CO CO
CO |V in CO y- 00 tv CO y- o
o o o o o 05 05 05 05 05
CO CO CO CO CO in in in in in
oo o
o a>
CD co
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
145
Appendix I
ANOVA test computer output for roto 
flow study of the cotton picker engines (95% Confidence)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
Appendix I: ANOVA test computer output for roto flow study of the cotton picker engines.
2200 2000 1800 1600 1400 1200 1000 Total
Count 5 5 5 5 5 5 5 35
Sum 4125 4607 5075 5322 5508 5223 3749 33609
Average 825 921.4 1015 1064.4 1101.6 1044.6 749.8 6721.8
Variance 3.5 49.3 4 34.3 81.3 88.3 196.7 457.4
Count 5 5 5 5 5 5 5 35
Sum 4007 4480 4917 5207 5335 5114 3609 32669
Average 801.4 896 983.4 1041.4 1067 1022.8 721.8 6533.8
Variance 44.3 68.5 43.3 48.3 14 41.2 21.7 281.3
Count 5 5 5 5 5 5 5 35
Sum 3928 4395 4846 5130 5277 5044 3510 32130
Average 785.6 879 969.2 1026 1055.4 1008.8 702 6426
Variance 59.3 57.5 51.7 67.5 4.8 15.7 53 309.5
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Appendix 1: ANOVA test computer output for roto flow study of the cotton picker engines.
Total
Count 15 15 15 15 15 15
Sum 12060 13482 14838 15659 16120 15381
Average 2412 2696.4 2967.6 3131.8 3224 3076.2
Variance 107.1 175.3 99 150.1 100.1 145.2
ANOVA
Source of Variation SS df MS F P-value F  crit
Roto Flow 32014.88 2 16007.44 320.6985 4.74E-40 3.105157
Engine Speed 1578244 6 263040.6 5269.846 5.6E-106 2.208552
Interaction 500.7238 12 41.72698 0.835973 0.61352 1.869289
Within 4192.8 84 49.91429
Total 1614952 104
15
10868
2173.6
271.4
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Appendix J: ANOVA test computer output for roto flow study of the tractor engines.
Total
Count 15 15 15 15 15 15
Sum 9051 9690 10922 11597 11758 11625
Average 1810.2 1938 2184.4 2319.4 2351.6 2325
Variance 22.7 27.8 23.4 10.4 17.7 25.7
ANOVA
Source of Variation SS df MS F P-value F crit
Roto Flow 3305.39 2 1652.695 228.4832 1.06E-34 3.105157
Engine Speed 441852.2 6 73642.04 10180.93 5.8E-118 2.208552
Interaction 159.5429 12 13.29524 1.838051 0.054745 1.869289
Within 607.6 84 7.233333
Total 445924.8 104
15
11102
2220.4
24.2
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Appendix K: ANOVA test computer output for hydra flow study of the cotton picker engines.
2200 2000 1800 1600 1400 1200 1000 Total
Count 5 5 5 5 5 5 5 35
Sum 4125 4607 5075 5322 5508 5223 3749 33609
Average 825 921.4 1015 1064.4 1101.6 1044.6 749.8 6721.8
Variance 3.5 49.3 4 34.3 81.3 88.3 196.7 457.4
Count 5 5 5 5 5 5 5 35
Sum 4007 4480 4917 5207 5335 5114 3609 32669
Average 801.4 896 983.4 1041.4 1067 1022.8 721.8 6533.8
Variance 44.3 68.5 43.3 48.3 14 41.2 21.7 281.3
Count 5 5 5 5 5 5 5 35
Sum 3928 4395 4846 5130 5277 5044 3510 32130
Average 785.6 879 969.2 1026 1055.4 1008.8 702 6426
Variance 59.3 57.5 51.7 67.5 4.8 15.7 53 309.5
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Appendix K: ANOVA test computer output for hydra flow study of the cotton picker engines.
Total
Count 15 15 15 15 15 15
Sum 12060 13482 14838 15659 16120 15381
Average 2412 2696.4 2967.6 3131.8 3224 3076.2
Variance 107.1 175.3 99 150.1 100.1 145.2
ANOVA
Source of Variation SS df MS F P-value F crit
Hydra Flow 32014.88 2 16007.44 320.6985 4.74E-40 3.105157
Engine Speed 1578244 6 263040.6 5269.846 5.6E-106 2.208552
Interaction 500.7238 12 41.72698 0.835973 0.61352 1.869289
Within 4192.8 84 49.91429
Total 1614952 104
15
10868
2173.6
271.4
153
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Appendix L: ANOVA test computer output for hydra flow study of the tractor engines.
Total
Count 15 15 15 15 15 15
Sum 9051 9690 10922 11597 11758 11625
Average 1810.2 1938 2184.4 2319.4 2351.6 2325
Variance 22.7 27.8 23.4 10.4 17.7 25.7
ANOVA
Source of Variation SS df MS F P-value F crit
Hydra Flow 3305.39 2 1652.695 228.4832 1.06E-34 3.105157
Engine Speed 441852.2 6 73642.04 10180.93 5.8E-118 2.208552
Interaction 159.5429 12 13.29524 1.838051 0.054745 1.869289
Within 607.6 84 7.233333
Total 445924.8 104
15
11102
2220.4
24.2
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